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SUMMARY

Composite steel-concrete floor slabs are a type of flooring that consists of a steel profiled deck, cast in-place
concrete and steel reinforcement meshes in the concrete and steel reinforcement bars in the profiled ribs of
the steel deck. Composite floors can roughly be separated into two types, those that use: shallow steel decks
and deep steel decks. The deep profiled deck ComFlor210 is installed by hand and is then used as a work floor
and as permanent form work for the casting of the concrete. The use of deep composite steel-concrete floor
slabs is advantageous if aspects such as low self-weight, construction speed and floor height are important.
The ComFlor210 composite floor is constructed by default with one reinforcement mesh, but if a large con-
centrated force is expected in the design than a second reinforcement mesh is added. However the effect that
this added mesh has on the distribution of that concentrated force is not exactly known. The design of deep
composite slabs also falls outside of the scope of Eurocode 4, design of composite structure, which leads to
conservative assumptions and inefficient usage of materials. These factors lead to a need for more insight
into the behaviour of composite slabs loaded by a concentrated load and in what manner this is effected by
the addition of a second reinforcement mesh.

An analytical was created in order to predict the horizontal distribution. In the analytical model it was chosen
to only model a two dimensional strip over the width of the composite slab. Any three dimensional aspects
occurring in the slab were then incorporated into the two dimensional model. This was achieved by assuming
the ribs of the composite slab as zero dimensional points which were supported by translation springs. The
translation springs were modelling the ribs deflection and stiffness behaviour. The top part of the composite
slab was modelled as a continuous beam spanning the entire width of the model. In order to incorporate the
rotation resistance of the ribs, rotation springs were used to connect the ribs to the translation springs. For
the analytical model accuracy, ease of use and a basis in mechanical behaviour were the aims.
A finite element model was also created in order to validate the analytical model and to analyse the behaviour
of the composite slabs. Only a quarter of the slab was modelled by making use of the symmetry and only the
areas of the steel deck effective in bending were included in the model. Finally laboratory experiments were
also performed on life-sized test specimens. Three test specimens: one with two reinforcement meshes, one
with one mesh and one without a mesh were tested. A concentrated load was applied in a non-destructive
test at a quarter of the span length and a destructive test was performed at half the span length. The results
of these tests were compared with the analytical and finite element model.

The result of the comparison was that the accuracy goal of the analytical model could not be reached. This
was because the translation springs in the model included both the distribution at the point of loading and
the redistribution between that point and the supports. Therefore the distribution cannot be accurately es-
timated without further research and experimentation. The analytical model should therefore be revised in
order to more easily assess its parameters. The stiffness of the supports is another aspect that was not taken
into account into the model that could be included. The finite element model also did not have sufficient
accuracy in order to use as a validation method, possibly due to the use of only the effective steel profile.
Adding the whole steel deck might improve the accuracy. The experiment results yielded the conclusion that
the second reinforcement mesh increases the distribution of the load in the horizontal direction significantly
while loaded at mid span. The slab without mesh also could be loaded until high loads of 100 kN, but its load
was far more concentrated than in the other slabs. Although initially at 10 kN all slabs had very similar dis-
tributions and until a load 60 kN the maximum difference in the middle rib was only 10% of the total applied
load. It was also concluded that the steel deck was active in the transverse direction after the chemical steel-
concrete bonding was lost, but the size of contribution depended on the number of reinforcement meshes.
Suggestions for future research that were not included in this thesis include the horizontal and vertical shear
capacity of the composite deck, the crack propagation in the slabs and the behaviour of the steel-concrete
chemical bond.
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1
INTRODUCTION

Before any research or advancing work can be done in a scientific manner, it is always prudent to know what
other progress has been made in the field in question. Knowing this may help to define one’s own research to
a more definite subject and it can also prevent any efforts being put in subjects that others may already have
researched. Therefore, before the proposed subject of this thesis is presented, a short overview of composite
decks and the research that has already been done will be given.
But first of all an overview of the different components in this thesis report will be given. This overview is
illustrated in figure 1.1.

Figure 1.1: The overview above shows the components of which this thesis report is made up.

1.1. STRUCTURAL COMPOSITE MEMBERS
Composite structural materials make use of two materials by combining them into a single product, which
has improved properties. This is generally done to supplement the undesirable aspects of one material with
the other; to create a new product with improved behaviour and the desired characteristics. Materials that
are used to construct composites for civil engineering purposes include: concrete, steel and wood. These
materials are combined together to complement each other in aspects such as:

• stiffness

• strength

• stability

• fire resistance

• weight

1



2 1. INTRODUCTION

• ductility

• corrosion and weathering resistance

Composite materials are used in many applications and fields and they also prove to be useful for application
in construction, but as of yet most of them are executed in steel and concrete. Traditionally steel and concrete
have been used in the same constructions for a longer time already, so combining them into a single structural
element by means of shear connections is a natural evolution. This thesis will also focus on steel-concrete
composite structural members and any reference to composite materials made will actually refer to steel-
concrete composite members.
At the moment steel and concrete are the materials that are most widely used to create composite construc-
tions. In essence an application like reinforced concrete, either poured or prefabricated, is also a composite,
where the brittleness and the limited ability of concrete to resist tension stresses is supplemented by the
addition of steel reinforcement. This provides ductility and tension resistance to the final product, result-
ing in an acceptable construction material, where concrete on its own would otherwise not provide enough
resistance against tensions stresses or enough ductility to be used as a safe construction material. The dif-
ference between reinforced concrete and composite applications is that in the former the applied steel re-
inforcement does not have any bearing capacity or bending stiffness on its own while in the later it does.
According to Shobaki [3], Crisinel [4], Stark [5] and Stark & Abspoel [6]), another way to combine steel and
concrete together is not by using steel reinforcement but by using steel beams or steel profiled plates to act
in conjunction with a concrete slab. Hereby the steel is acting effectively as external reinforcement. By using
steel beams and concrete slabs composite beams can be made and by using a steel profiled plate to act as
permanent form-work for a concrete slab a composite slab is created, an example can be seen in figure 1.2.
Reinforced concrete, especially prefabricated concrete elements, and composite members fill a similar niche.
This means that the composite slab competes with the reinforced concrete slab and prefabricated concrete.
Composite beams and slabs are thus an alternative for traditional reinforced concrete and the more recent
prefabricated concrete. The choice for either one of them depends on several factors according to Shobaki
[3]. Costs are always an important aspect when choosing which material to use, but in reality the total costs
of reinforced concrete and composite structural elements do not differ greatly. Instead what determines the
choice between either one of them are:

• Stiffness

• Self-weight

• Response to vibrations

• Erection speed

• Material availability

• Aesthetics

As a start: composite structures make for slender and light structures, this can make them favourable when a
slender or light-weight building is preferred. Another aspect of this characteristic is that slender floor systems
mean that a building will have a decreased height for any number of floors, thus saving in façade costs or
enabling the construction of an additional floor. They are also useful for high-rise construction due to their
low self-weight. This eases the load exerted per floor and decreases the load on the foundation, thus saving
costs and material in that area as well.
Other advantages of composite structures are the ability to create special shapes, such as cantilever beams
and long spans, that are difficult to realize in form-work for poured concrete due to weight issues. It is also
rather easy to create gaps and openings in the slab, simply by placing shapes made of wooden form-work or
polystyrene of the desired forms on the steel plates. The construction process of composite slabs is also
relatively easy. The steel decks can be transported in stacked batches and can then be hoisted with one
movement of the crane to the floor currently under construction. This means that less use of the crane is
needed and also the number of trucks coming to and from the construction site is reduced. The space needed
for storage of the steel deck is also rather small and if timed well they can be lifted directly from the arriving
transport trucks to the floor under construction, where they can be laid out by hand.
An important point of attention in composite structures is the shear connection between the two materials
that are used. When shear connectors are used to connect the steel beam/steel deck and the concrete floor
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slab a composite system is created; possible shear connectors that can be used to achieve this are shown in
figure 1.3. Of the connectors shown there the stud connector the most widely used type. This connection
combines the good stability and ability to bear compression stresses of the concrete with the steels ability
to bear tension stresses into a whole, thereby reducing the weight and the overall height of the system. But
if, on the other hand, composite members are not sufficiently connected by shear connectors it may cause
incompatibility between the concrete and steel. This can result in horizontal slip at the interface or vertical
uplift. Shear connectors that are used to accomplish a good shear connections are e.g. shear studs, welded to
the steel beams and for slabs embossments and deck geometry are used. To improve understanding of how
these shear connectors behave research to this end was done by Remco Schuurman [7].

Figure 1.2: Schematic representation of a composite beam and composite slab

Figure 1.3: Different types of shear connectors that can be used, of these the stud connector is used by far the most widely.

1.2. COMPOSITE SLABS AND PROFILED DECKS
A composite slab consists of a cold-formed profiled steel sheet covered with concrete and possibly including
steel reinforcement (Crisinel [4]). Nowadays the sheeting fulfils a number of roles during its lifetime: dur-
ing the construction the sheeting is laid out by hand on top of the buildings frame work and the sheeting
then functions as a work floor for the construction workers and their equipment. It is even possible to store
construction materials on the floor to a certain extend. During the casting of the concrete the steel deck func-
tions as form-work and after the concrete has hardened the steel sheeting acts as external reinforcement for
the composite slab.
The idea of composite slabs is still relatively new. It was first developed during the 30’s of the 20th century,
at which time the steel decks were used as permanent form-work, and has been used in buildings because
of the reduction in weight that it introduced. Since the 1950s the concept was used in the United States and
thereafter the idea was carried over to Europe. Initially only pure chemical bonding forces between steel
and concrete were used as a means to connect the two materials, but later through the development of new
geometries of the steel sheet such as dovetails and re-entrant profiles (figure 1.4 and figure 1.5) and then
embossments the connection of the elements was improved. Over the course of the following decades the
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principle of composite slabs was further developed and improved. And the concept as it is known today
has been in use, mainly in the United Kingdom, starting in the 1980’s, but also in other European countries
(Shobaki [3]).

Figure 1.4: Example of a dovetail or re-entrant profile

Figure 1.5: Example of a trapezoidal profile

The profiled steel sheets that are used can be between 0.75 mm – 1.50 mm thick, but usually they are between
0.75 – 1.25 mm thick. They are practically always treated with a hot-dip galvanization treatment on both sides,
to protect the steel sheets against the effects of corrosion. This adds another approximate 40 micrometres to
the thickness of the profiled steel deck (20µm per side of the steel profiled deck) and this translates to approx-
imately 275 g/m2. The decks come in many shapes and forms. A general division is made between shallow
decks and deep decks by dividing them by height (Stark & Stark [6]). Shallow decks are usually between 16 –
100 mm in height and deep decks have heights greater than 200 mm. Because the steel sheeting is so thin, it
can be cold formed into the desired shapes during the process of rolling the profiled decks. The shapes that
are most widely used are the re-entrant, or ‘Dove-tail’, and the trapezoidal profiles (figure 1.4 and figure 1.5
respectively), although it is also possible to create hybrid profiles with the aspects of both types of sheeting
included (figure 1.6). The aim of these profiles is to increase the interlock between the concrete and the steel
through the geometry of the decking. This mechanical interlock can be further increased by producing decks
with embossments, or small indentations in the steel decking, pressed into them. Because the steel decks are
so thin, the embossments can be pressed into the decking during the production stage, although the height
of the embossments is limited to about 4.0 mm. In practice they are usually between 1 and 2 mm deep. It is
possible to create these embossments on all the flat surfaces of the steel profiles and they can be pressed into
several different shapes (figure 1.7).
Using a composite slab as a structural member provides several advantages over other methods of construc-
tion, according to Shobaki [3] and Stark & Stark [6]. These advantages are derived from either the concrete
part of the structure or the steel elements. So is it possible to construct relatively slender construction ele-
ments due to the effective use of the materials involved. This can be done through either the construction
of composite floor slabs which are a part of the underlying composite beam or through the construction of
an integrated floor slab, which is supported on the bottom flanges of the steel beams (see figure 1.8). Apart
from possible aesthetic values this results in, it also decreases the material usage. The steel profiled decks
are light in weight and are transported in large batches to the construction site, where they can be moved
up to the desired floor with only one or a few movements of the crane. Then they can be installed by hand,
after which they serve as work floors for the construction workers and protect those below them, although
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Figure 1.6: Schematic representation of a hybrid steel profile

Figure 1.7: Schematic examples of possible embossment types

prior to the installation safety measures like a safety-net or safety-line remain necessary. The profiled decks
serve as form-work for the concrete during the casting, thereby negating the need for specialised form-work
that has to be placed and removed. If the steel decks are not propped then high construction speeds can be
reached with this method. By propping it is meant that the steel beam or steel profiled deck is supported
by one or multiple temporary supports to prevent excessive deflection due to the dead load or weight of the
wet concrete during the construction phase, before the concrete has hardened. Propping allows for greater
spans to be reached with composite construction systems but increases the costs of construction and also
decreases the construction speed greatly. This is because the props can only be removed after the concrete of
the supported floor has hardened sufficiently and only then can construction of the next floor begin.
After construction the composite floor could possibly add to the stability of the entire structure through
diaphragm-action, (Stark & Stark [6]). Even before the composite phase the steel deck could theoretically add
to the stability of the building but in practice this takes a considerable amount of effort to realize. Because
of the shape of the steel decks it is also possible to fit electrical installations, wiring, piping, ducts and other
utility services to them, through the use of specialised attachments. Due to their relatively light weight and
low construction height per floor they are very suitable for high-rise buildings where they reduce the overall
weight and height of the building or allow for extra floors to be added. Buildings where the weight is a critical
factor also profit from composite construction methods. One more use for composite floors is found in the
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Figure 1.8: A rendering of an integrated composite floor system

renovation of old structures. If extra capacity is need but no extra structural height can be found, composite
elements are a good solution.

1.3. DEEP COMPOSITE DECKS
As mentioned before an approximate division can be made in the type of profiled steel deck that is used for
the construction of composite slabs. Profiled decks with a height of around 200 mm or more can be called
deep decks. These deep decks can span greater lengths than the shallow decks due to the increased height of
the steel deck, unpropped they can span up to approximately 5.5 meters. This is due to the increased stiffness
of the steel deck. Their shape is also different (figure 1.9). They resemble ribbed concrete floors more so than
shallow decks. A deep composite deck complete with cast and hardened concrete can be seen in figure 1.10

Figure 1.9: Schematic example of a deep deck profile

Figure 1.10: A picture of a completed composite slab with a deep profiled steel deck

The composite slabs can be fitted with reinforcing steel. This can be placed both in the ribs along the length
of the slab and in the top slab part, where it is possible to use reinforcement meshes. An example of a rein-
forcement bar which is placed in a rib with the help of a spacer can be seen in figure 1.11a and a picture of
reinforcement meshes suspended in the top slab ready for the casting of concrete can be seen in figure 1.11b.
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In practise this type of composite slab is always constructed with a minimum of one reinforcement mesh in
the top part. However, if large concentrated loads come into play then sometimes a second reinforcement
mesh is added to the composite slab. A problem that occurs though is that the precise impact that the second
reinforcement mesh has on the redistribution of loads is unclear. This makes it hard to design efficiently.

(a) A picture of a
reinforcement bar placed in
the rib of a deep steel deck (b) A picture of reinforcement meshes suspended in place ready for the

concrete to be cast

Figure 1.11: Two pictures of the reinforcement placed in a rib and of the reinforcement meshes in the top mesh respectively

An issue with deep decks, however, is that they fall outside of the scope of the Eurocode 1994-1-1 (Stark &
Stark [5]). Meaning that when using deep decks the designer has to rely on conservative estimations, calcu-
lations and design methods or has to provide for his own calculations with an equal safety. Another aspect
of the problem is that shear forces and shear failure become more critical (Brekelmans, Daniels, Van Hove,
& Koukkari [8])) than they are for shallow decks. Both vertical shear and horizontal shear forces play a large
role in transferring the external loads to the load-bearing parts of the structure. This is also true when redis-
tributing the stress resulting from a concentrated load (Bode [9]). More knowledge about the way in which
these loads are distributed over the structural element is necessary, if one wants to produce an effective de-
sign dealing with large concentrated loads.
Deep decks nevertheless represent an advantage over shallow steel decks because of the greater span length
that is possible. It is therefore imperative that more is found out about their behaviour and about which loads
will be most critical for them.
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THESIS SUBJECT

Composite slabs are becoming more popular as structural design solutions in cases where characteristics are
wanted that cannot be delivered by in-situ cast concrete or prefabricated concrete elements. And although
research has been done to study their behaviour, as of yet not enough is known to use them effectively. This is
especially true for the distribution of concentrated loads over the ribs of the composite slabs in the horizontal
direction. Also the influence of adding or subtracting reinforcement from the composite slab has an influence
that is not yet accurately quantifiable.

2.1. THESIS GOAL
This thesis will focus on gaining more insight on the behaviour of deep composite slabs, in particular the way
in which concentrated loads act on them and are distributed throughout the structural components. The way
in which the stresses caused by concentrated loads are spread over the nearby ribs and how much load each
rib will have to bear is very important when designing the slab. If one then has to use very conservative rules
and estimations, this will lead to an inefficient design. With the horizontal distribution of a concentrated load
it is meant to find out what percentage of the load is borne by which ribs of the slab, as is shown in figure 2.1
which shows a top view of a deep composite slab with a concentrated load acting at a quarter of the span
length.

Figure 2.1: A schematic figure showing a top view of a deep composite slab with a concentrated load applied at a quarter of the span
length and the force distribution shown with arrows. The percentages indicate how much of the total load at each support is borne per

rib.

Considering all this, the following thesis subject was adopted: to set up an analytical mechanical model for
evaluating the distribution of forces due to a concentrated load. This model should be validated through
numerical modelling and testing, in order to gain insight in the failure mechanisms of deep composite slabs
and in what way they can be influenced. A final evaluation of the resulting model will be done in the form of
testing life-sized samples in a laboratory and comparing the model to the experimental results.
In short the subject of this thesis is: An analytical model of the horizontal distribution of concentrated loads

8
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in deep composite slabs which is validated by FEM calculations and laboratory testing

2.2. THESIS OBJECTIVE
The objective of this thesis is therefore to produce an accurate analytical model for the evaluation of the
distribution of forces over the ribs in the transverse direction, due to loading by concentrated loads in deep
composite slabs and and the way in which this distribution is affected by the presence different numbers of
reinforcement meshes and validate this model by doing finite element modelling and laboratory tests.

2.3. THESIS OUTLINE
This thesis has a total of nine chapters of which chapter 1 and 2 introduce the thesis subject and the goal of
the thesis.
Chapter 3 examines the information and literature that is already available concerning composite slabs.
Methods of determining the vertical and horizontal shear resistance of composite slabs and parallels of dis-
tribution of concentrated loads in concrete ribbed slabs are highlighted.
Chapter 4 describes the deep composite slab that will be used while constructing the analytical model. Also
the loads and resulting load cases that will be considered are described here.
In chapter 5 the analytical model of the composite slab is described. First of all the composite slab which is
examined and the acting load are outlined. Then the two-dimensional models used to describe the situation
are explained. These models are expanded with additional features in a step by step manner. Then the result-
ing final model is subjected to a parameter study, showing the sensitivity of the involved parameters.
Then in chapter 6 a finite element model is set up which will be used to validate and improve the previously
acquired analytical model.
Chapter 7 describes how the laboratory tests were designed and then executed. The following results and
conclusions that can be tied to them are explained in this chapter as well.
The comparison between the results from the analytical model and the empirical results from the laboratory
tests is made in chapter 8.
Finally in chapter 9 conclusions about the analytical model are drawn and evaluated. Also some suggestions
for further research possibilities are made.
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LITERATURE REVIEW

This chapter gives an overview of the research that has been done into methods of determining the horizontal
distribution in composite slabs. More information concerning deep composite slabs will also be given. At the
moment of writing there is still little information available about the horizontal distribution of concentrated
loads in composite slabs. Therefore a comparison between deep composite slabs and ribbed concrete slabs is
also made to see if anything useful can be learned from concrete slabs that could also be applied in composite
slabs.

3.1. LOAD DISTRIBUTION OF CONCENTRATED LOADS
In composite slabs constructed with deep steel decks, as opposed to shallow steel decks, the vertical shear
force becomes the critical issue more often (Bode & Däuwel [9]). Due to this fact it is vital to know more
about the vertical shear force behaviour of the deep composite slabs. The vertical shear forces are mainly
resisted by the ribs of the slab and these forces are transported through the top part of the slab to these ribs.
But when a load is placed on top of a slab, being either a line load or a concentrated load, it is not clear how
much of the imposed load is borne by how many of the slabs ribs.
In this thesis only concentrated loads will be considered and line loads are therefore not included in the rest
of the report. When considering a concentrated load, it is meant to be a concentrated load according to
Eurocode 1 [10]. In Eurocode 1 the important loads given are 7 kN on a 50x50 mm2 area for buildings and
10 kN or higher on a 200x200 mm2 area for car parks, although the concentrated loads that can be borne by
the deep composite slab are much higher. When a concentrated load is placed on a slab, above a rib, how
much of that load is carried by the rib directly below it and how much is transferred away through the top
of the slab? This is as of yet not well very well known. Some research has been done on this subject, which
this section will elaborate on. The similarity in geometry between deep composite slabs and concrete slabs
with ribs also justifies a look into what research has been done into the spreading of concentrated loads on
concrete slabs.

3.1.1. THE BEHAVIOUR OF THE SPREADING OF STRESS DUE TO CONCENTRATED LOADS ON

COMPOSITE DECKS
Research and experiments on the distribution of loads in deep decks (COMFLOR210) has also already been
performed by Bode & Däuwel [9], from which it followed that having a concentrated load between two ribs
was not critical when considering the punching shear resistance of composite slabs with a concrete height
of 75 mm or more and a concrete strength of C20/25 or more. Furthermore a test was done to analyse the
behaviour of concentrated loads and line loads on composite decks and how their load would be spread
through the composite slab (figure 3.1). It was also shown that punching shear was not critical, but rather
that the vertical shear capacity of the slab and specifically the thin parts of the slab became critical for the
COMFLOR210 deep decks. Concerning the vertical shear capacity of the deck, it was also found that the shear
capacity of the deck could be added to the shear capacity of the concrete slab to give an accurate prediction
of the total capacity.
Similar results were obtained by Stark & Stark [5] for the COMFLOR60 as mentioned earlier. The obtained
results showed that the load, independent of the load value, 50% of the load was carried by the central rib di-

10
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rectly under the load and 25% was transferred to the neighbouring ribs on either side. While the concentrated
load was increased this pattern remained constant until the thinner top slab of the composite slab failed un-
der the load it was transferring to the neighbouring ribs. At that moment the full load is carried solely by the
centre rib until that too fails.

Figure 3.1: Schematic cross-section of a deep composite slab loaded by a concentrated load

3.1.2. THE SPREADING OF CONCENTRATED LOADS IN RIBBED CONCRETE SLABS

Because the geometry of concrete ribbed slabs is so similar to that of the composite deep slabs, it is worth-
while to observe what is known in this area about the spreading of the load when a concentrated load is
acting on the slab. A concrete slab is designed for concentrated loads by using the effective-width theory (Eu-
rocode 2 [2]). This is also done in the Dutch (NEN 6725 [11]) code. The load is categorised into line loads and
concentrated loads of the three cases that can be seen in table 3.1.

Table 3.1: Load categories used in NEN6725 for line loads and concentrated loads

Case Line load qk [kN/m] Concentrated load Qk [kN]
Case 1 <3 <3
Case 2 3 - 6 3 - 6
Case 3 >6 >6

For case one loads the loads are to be considered as equally distributed loads. For load case two the effective
width method is used according to figure 3.2 and for load case three the strip method is used according to
7.5.4. of (NEN 6720 [12] (withdrawn)). This means that the load is carried by a hypothetical strip in the
concrete slab. The width of this strip depends on the size of the concentrated load, the distance to the sides
of the slab and the eccentricity of the load.

Figure 3.2: The effective widths used according to NEN6725
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A set of loads is also implemented on the thin parts of the ribbed concrete slab to make sure they can resist
the transverse loads. These rules, however do not incorporate any physical behaviour of the slabs and the
ribs and the cooperation that might exist between these two elements. That a similar load dispersion rela-
tionship exists for ribbed concrete slabs as for deep composite slabs is suggested by the results of the tests
done by Arrajarusit & Gamble [13], which give a similar result as Bode & Däuwel [9], indicating that when the
concentrated load is placed on the centre rib of a one-way spanning slab the two ribs on either sides bear
approximately half of the load. The report concerns testing on one-way and two-way spanning slabs with
concentrated loads on the centre ribs and edge ribs (for the one-way slabs). The aim was to find out more
about the moment, shear and torsional behaviour of the slabs.
The example above illustrates a concrete slab with ribs, but the ribs are still spaced apart quite significantly.
An article by Hofman and Van der Vlugt which summarizes methods from other sources, provides a method of
calculating the distribution of concentrated loads in concrete bridges with both longitudinal and transverse
rib stiffeners, see figure 3.3.

Figure 3.3: A side view and front view of a concrete bridge with longitudinal and transverse rib stiffeners

This method calculates the moments occurring in each of the longitudinal and transverse ribs caused by
a point load applied at a random position on the concrete bridge. This is achieved by first calculating the
deflection in each of the ribs, along the width of the slab, as if the load was a distributed load to gain the
average deflection. And then to multiply this deflection by a factor K to obtain the deflection of the specific
rib that one is analysing. The point load is estimated through a Fourrier-function in order to make it easier
to calculate the resulting moments in the slab from the deflections. Since the occurring moments in the slab
are more important in this analysis than the precise deflections, or so it is stated.
The factor K is then calculated and tabulated according to the position of the rib that is to be analysed and
the position of the load on the bridge deck. The torsion resistance of the separate ribs can also be taken into
account or not be taken into account according to the wishes of the designer. The result of these calculations
are graphs and tables such as can be seen in figures 3.4 and 3.5 respectively. In these graphs the bending
stiffness of the main spanning beams is set along the x-axis and the value for the factor K of that rib on the
y-axis. There are several lines representing the different loading positions that are possible. For each of the
ribs considered a new graph such as this one has to be drawn.
The method described above was originally created for reinforced concrete bridge decks with stiffeners in
both directions. It might be worthwhile to examine the possible use for deep composite slabs though, since
the geometric properties are quite similar. The results from such a calculation could be compared to the
analytical model created in this thesis in order to improve or enhance it. On the other hand the analysis of
each rib requires another graph to be calculated and drawn, but from a designer point of view only the critical
rib is important, but if the location of this critical rib is already know this does not have to be a downside.



3.1. LOAD DISTRIBUTION OF CONCENTRATED LOADS 13

Figure 3.4: A graph depicting the size of the factor K for each location of the load, stiffness of the beams.

Figure 3.5: A side view and front view of a concrete bridge with longitudinal and transverse rib stiffeners
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MODELLING SUBJECT AND APPLIED LOADS

4.1. MODELLING SUBJECT: THE STEEL PROFILED DECK AND THE COMPOSITE

SLAB
The subject of the analytical model will be a composite slab, consisting of a deep profiled steel deck, steel
reinforcement and a concrete top layer. An example of a deep steel profiled deck for a composite slab has
already been given in section 1.3, figure 1.9. The cross-section of the steel profiled deck is shown in figure 4.1.
The steel profiled deck type that is used for modelling purposes in this thesis. The figure shows a single steel
deck plate, which consists of two halves of a rib and an intermediate part. Joining two or more of these parts
together will form the desired ribbed slab shape.

Figure 4.1: A cross-section of the actual steel profiled deck

For the ease of modelling, however, a more generic steel profile will be assumed. The steel profiled deck that
is assumed can be seen in figure 4.2, where instead of two halve ribs a single rib is depicted. Because the
model will be analytical, the exact dimensions of the modelled slab are not relevant yet at this stage. These
dimensions will be parameters in the model and can be adapted to suit any type of steel deck at a later stage.
But because the goal is to make comparisons with numerical models and laboratory tests dimensions are
eventually needed. It is therefore chosen to use the dimensions shown in this section.
The bottom flange of the steel rib has twice the thickness of the other parts of the steel profile, this is due to
the overlapping of the individual steel plates when they are installed. The width of the slab that should be
modelled depends on the amount of ribs that is taken into account and the distribution of the force of the
concentrated load.

4.1.1. COMPOSITE SLAB DIMENSIONS
The centre-to-centre distance between ribs is 600 mm, so the width of the composite slab that will be mod-
elled should a multiple of that number. The total span length of the slab will be taken at 5.4 meters. Further-
more there is a longitudinal reinforcement bar of variable diameter embedded at a height of 56 mm above the

14
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Figure 4.2: The simplified steel profile of a single rib and two halves of the intermediate slab that is used in the analytical model

bottom flange of the steel deck and there are two possible locations for reinforcement meshes in the top part
of the composite slab consisting of 8Ø-150 reinforcement meshes. The longitudinal reinforcement bars are
located at 27 mm and 48 mm height from the top of the slab respectively and the transverse reinforcement is
located at 19 mm and 56 mm respectively from the top. The top concrete slab itself has a height of 70 mm. All
of these dimensions can be found in figure 4.3.

Figure 4.3: The cross-section of a unit width of the composite slab that is to be modelled

4.1.2. EFFECTIVE STEEL PROFILE
The steel profile has embossments pressed into the walls to increase the bond between the concrete and the
steel, thus increasing the composite action. The embossments can be observed in the 3D rendering in figure
4.4. The disadvantage of these embossments is that when the slab is loaded by a bending moment, the areas
that have been embossed are weakened in the longitudinal direction and do not contribute to the bending
capacity.
This results in an effective steel profile that has to be used when bending is considered. This effective profile
is shown in figure 4.5 and finally all the symbols associated with the cross-section are shown in figure 4.6.
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Figure 4.4: A 3D rendering of a COMFLOR210 deep composite slab

Figure 4.5: The effective cross-section of the steel profile

Figure 4.6: The cross-section with the associated symbols
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4.2. MATERIAL PROPERTIES
The material properties that will be used in the analytical model are as shown in table 4.1.

Parameters Symbol Value Unit

Concrete class - C20/25 -

Characteristic concrete
strength

fck 20 N /mm2

Concrete Young’s modulus Ec 30000 N /mm2

Characteristic steel yield
strength

fyk 350 N /mm2

Steel reinforcement yield
strength

fy sk 500 N /mm2

Steel Young’s modulus Ec 210000 N /mm2

Effective steel profile area Aa,e f f 572.1 mm2

Effective steel profile sec-
ond moment of inertia

Ia,e f f 4.20×106 mm4

Height of neutral axis from
top flange

zcp 103.9 mm

Table 4.1: The values of the material properties used in the analytical model.

4.3. BOUNDARY CONDITIONS
In this thesis it will be assumed that the composite slab is simply supported at both sides of the longitudinal
span length and the transverse ends are not supported. See also the the top view in figure 4.7. The span length
is 5400 mm, the over length of 100 mm on each side and the total length is 5600 mm. The width is 2575 mm.

Figure 4.7: The possible locations where the concentrated load F could be placed

However, it is good to note that in practise the composite slab is often integrated into a composite beam by
placing it on the bottom flange of a steel beam. Or otherwise it will be fastened on top of a composite beam.
In both cases this means that the composite slab is not actually simply supported, since the ribs are cast into
the rest of the structure. However, it is chosen to neglect all of these effects mentioned above in this thesis.
It is chosen to analyse the simply supported situation first and if that can be modelled correctly, it might be
possible to add other boundary conditions.

4.4. THE CONCENTRATED LOAD F AND LOAD-CASES
The concentrated load F will be applied on top of the slab in one or multiple locations. The location of the
load can be varied along the longitudinal and/or the transverse axis of the slab. The longitudinal placement of
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the load F will be discussed later, since it does affect the distribution but not the type of load case itself and so
the transverse placement remains. With regards to the placement of the loads, two load cases are considered
in this thesis. They are shown below.

Load-cases

1. Above a rib (in the centre of the rib)

2. Between the ribs

This is illustrated in figure 4.8. These load-cases in turn result into several critical cross-sections (figure 4.9),
namely

Figure 4.8: The possible locations where the concentrated load F could be placed

Critical cross-sections

1. The rib due to vertical shear or bending moment.

2. The vertical interface between the ribs and the top slab due to vertical shear.

3. The middle of the intermediate top slab due to punching shear.

The research that is done in this thesis only consider the load case in which the load is placed on top of a rib.
If one assumes or calculates that the punching shear strength of the top slab is sufficient to bear the load,
then load case two will never be critical, since the load will be immediately divided over two ribs. While in
load case one the load is concentrated on the single rib in the centre.

Figure 4.9: The three critical cross-sections are illustrated. Where in I the rib fails in vertical shear or bending, in II the top slab fails in
vertical shear and in III the top slab fails in punching shear.

The concentrated load F will be applied on a certain surface depending on the size of the load. This is done
in accordance with Eurocode 1 [10], see table 4.2.

Table 4.2: The internal forces in the beam acquired through the equilibrium equations

Load F [kN] Area of application

≤ 7 50 mm x 50 mm

>10 200mm x 200 mm

It has to be noted though that the 200x200 mm application area of the larger loads are wider than a single rib.
It is therefore possible that for the laboratory experiments it will be chosen to use a slightly smaller area of
application, such as 150x150 mm.
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4.4.1. BENDING MOMENT RESISTANCE OF THE RIB
The bending moment resistance of the ribs is calculated according to Eurocode 4 [1]. The cross-section of the
rib consists of several components: the concrete in the compression zone, the top flange of the steel deck,
the reinforcement bar in the rib and the bottom flange of the steel deck. First of all the cracking moment is
calculated by assuming that only the concrete is active and the reinforcement and steel do not yet partici-
pate. By calculating the equilibrium in the section according to figure ???, the respective strains of each of the
components can be found. Solving that equilibrium also provides the height of the compressive zone of the
concrete. By assuming yielding in the reinforcing steel and the steel profiled deck and then computing the
equilibrium the bending resistance of the rib can be obtained. The rib cross-section is assumed to be as is
shown in figure 4.6 and also the effective steel profile (figure 4.5) will be used for the following calculations.
The values used are shown in table 4.3. By assuming yielding in the steel profiled deck and the reinforcement
bar in the rib and computing the horizontal force equilibrium as in equation ??, the height of the compression
zone can be obtained.

Figure 4.10: A schematic representation of the strains in the cross-section of the rib just after the concrete has cracked.

All parameters that are used in this section are shown in table 4.3. As mentioned before the equilibrium of
the section where the concrete just cracked has to be calculated first. The cracking moment of the concrete
is calculated in equation 4.1. There the moment of inertia of the concrete consists of the contributions of
the top part of the cross-section and the contribution of the concrete in the rib. Again the mean concrete
tension strength is taken instead of the characteristic value. Now the equilibrium after the concrete cracks
can be determined. This is done with the help of figure 4.10 and the equations for congruent triangles, the
horizontal equilibrium and the moment equilibrium. These equations are shown in 4.2, 4.3, 4.4, 4.5 and
4.6 respectively. In these equations xe is the height of the compressive zone, which is the parameter that is
needed.

Mr i b,cr =
fctm × Iconc

htot
= 2.8×1.69×108

270
= 2.44×106N mm (4.1)

Solving the equilibrium equations for the height of the compressive zone provides the value xe = 53.45 mm.
Now the compressive height is know, the following step is to assume that the steel in the rib is yielding and
then calculate the moment resistance of the rib’s cross-section. The assumption is that the steel of the bottom
flange of the steel deck and the rib reinforcement bar are yielding, but not the top flange of the steel deck.
When the reinforcement bar just starts yielding at a strain of 1.9×10−3, then through the use of equation 4.7
the strain in the top flange can be found to be 6.02×10−4.

εc

εtop
= xe

htop −xe
(4.2)

εc

εr ebar
= xe

hr ebar −xe
(4.3)
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εc

εbot
= xe

hbot −xe
(4.4)

1

2
btot xeεc Ecm = εtop Atop Ea +εr ebar Ar ebar Ea +εbot Abot Ea (4.5)

Mr i b,cr = εtop Atop Eahtop +εr ebar Ar ebar Eahr ebar +εbot Abot Eahbot −
1

2

btot x2
e εc Ecm

3
(4.6)

εtop

εr ebar
= htop

hr ebar
(4.7)

The first step is to check whether or not the total tension force in the steel does not exceed the compressive
force that the concrete in the compression zone can provide. This check is done in equations 4.8 and 4.9. As
can be seen the concrete can provide a much higher force than the steel and this check is therefore passed.

Nsteel = Ar ebar × fy,r ebar + fy × (Atop + Abot ) =
314.16×540+400× (169.40+314.60) = 316.91×103N

(4.8)

Nconc = 0.75×xe ×btot × fcm = 0.75×600×28 = 673.47×103N (4.9)

Now the moment resistance of the rib can be calculated according to equation 4.10.

Mr i b,k = Atop ×εtop ×Ea ×htop + Ar ebar × fy,r ebar ×hr ebar + Abot × fy ×hbot −
Nsteel ×xe

3
=

169.40×2.1×105 ×71.35+314.16×540×224+314.60×400×262.76− 316.91×103 ×53.45

3
= 66.95×106N mm

(4.10)

Of course each rib has to carry its self-weight as well. This load decreases the actual moment capacity Mr i b,kc

of a rib by a certain amount. The bending moment caused by the self-weight of the ribs is calculated in
equation 4.11 and the actual moment capacity of the ribs is determined in equation 4.12 and with this the
moment capacity of each rib is known.

MSW = 1

8
×qr i b ×Lspan = 1

8
×1.83×5400 = 6.67×106N mm (4.11)

Mr i b,kc = Mr i b,k −MSW = 66.95×106 −6.67×106 = 60.28×106N mm (4.12)
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Table 4.3: The values used to compute the vertical shear resistance of the top slab

Parameter Symbol Value Unit

Mean concrete compres-
sive strength

fcm 28 N /mm2

Total width of the rib btot 600 mm

Height of the reinforce-
ment bar

hr ebar 224 mm

Total height of the cross-
section

htot 270 mm

Height of the top flange of
the steel deck

htop 71.35 mm

Height of the bottom flange
of the steel deck

hbot 262.76 mm

Surface area of the top
flange of the steel deck

Atop 169.40 mm2

Surface area of the bottom
flange of the steel deck

Abot 314.16 mm2

Surface area of the rein-
forcement bar

Ar ebar 314.16 mm

The moment of inertia of
the concrete in the cross-
section

Iconc 1.69 ×108 mm4

The mean tensile strength
of the concrete

fctm 2.8 N /mm2

The Young’s modulus of the
concrete

Ecm 30000 N /mm2

The Young’s modulus of the
steel

Ea 2.1×105 N /mm2

The yield strength of the
steel deck

fy 400 N /mm2

The yield stength of the re-
inforcement steel

fy,r ebar 540 N /mm2

The self-weight of a rib qr i b 1.83 kN /m

The rib span length Lspan 5400 mm



5
ANALYTICAL MODELLING

In this chapter the analytical model of a deep composite slab will be presented. The aim of the model is to
give an expression for the way in which a concentrated load will be distributed over the width of the deep
composite deck. This means that the goal is to find the part of the concentrated load that is carried by each
rib. When the concentrated load is placed on the centre rib, the centre rib is likely to carry the largest part of
the load e.q. 50% as was the case in the experiment conducted by Bode [14]. The neighbouring ribs will sub-
sequently have lesser parts of the load to carry. The analytical model aims to find how the load is distributed
across the ribs of the slab. To achieve this the composite slab will be examined further and then two different
preliminary models will be presented. And finally, one or both model will be further expanded into a definite
model, which will be validated by a numerical analysis and laboratory testing.
It is chosen to develop two-dimensional models first. This two-dimensional model will span the width of the
deep composite slab. After the model in two dimensions is set up the three-dimensional behaviour of the
composite plate will be added into the two-dimensional model. The overview of the chapter’s components is
shown in figure 5.1.

Figure 5.1: The overview above shows the components of which chapter five is made up. If chapters often refer to other components
this is also indicated as an arrow.

5.1. DIFFERENT TYPES OF ANALYTICAL TWO-DIMENSIONAL MODELS
Now that it is clear what is to be modelled a choice has to be made in what way is the structure (figure 5.2)
going to be represented. Before the three dimensional aspects of the slab will be included into the model a two
dimensional model will be constructed. This model can then be expanded to include the three dimensional
aspects in a later stage. The models will be based on the thought that the concentrated load will cause the
centre rib to deflect. The ribs right next to the centre rib are connected with centre rib through the top slab.
Because the neighbouring ribs will lag behind the centre ribs deflection, the top slab will start deforming and
through this deformation a part of the force is transferred to the outer ribs, see figure 5.3. Two types of models
were considered to model the real shape:

22



5.1. DIFFERENT TYPES OF ANALYTICAL TWO-DIMENSIONAL MODELS 23

Figure 5.2: A cross-section of the composite slab with three ribs and a load placed on the centre rib.

Figure 5.3: A cross-section of the composite slab with three ribs and a load placed on the centre rib. The centre rib has deflected due to
the load deforming the top slab in the process which transfers part of the force to the neighbouring ribs.

Analytical models

1. Model with translation springs, rotation springs and stiff bars (figure 5.6)

2. Model with a continuous beam supported by vertical translation springs (figure 5.5)

The first assumption on which the initial models are based is that the ribs function as vertical translation
springs, which support the top slab. The distribution of the concentrated force has to take place through the
to slab which covers the entire width of the composite slab. Thus the model will focus on modelling the be-
haviour of the top slab.
In order to further develop the model the composite slab is now thought of as a reinforced concrete slab which
is supported by composite ribs. In the two-dimensional model the width of the ribs will be neglected and only
the width of the top slab which is not supported by ribs will be used. When the ribs are then thought of as
separate simply-supported beams on which the top part of cross-section is supported it becomes possible to
give a force-deflection relation to these fictional beams and then they effectively become vertical translation
springs. How the stiffness of these vertical translation springs is determined will be discussed in a later sec-
tion. The result of the assumptions above are shown in figure 5.4.

The next issue is the way in which the top part of the cross-section should be modelled. The concrete of the
top part of the slab could be seen as a fictional continuous beam, with a length equal to the width of the
composite slab, supported by the rib-springs as depicted in 5.5. This would result in a model of a beam that is
loaded by concentrated loads and loads resulting from upwards reaction forces of the ribs. The top part of the
composite slab will react much like a beam. This means that the part of the top slab directly above the ribs will
be taken into account twice. Once for evaluating the stiffness of the ribs and once for evaluating the stiffness
of the top slab. This is not a problem, however, because both stiffnesses work in directions perpendicular to
each other. The beam in this model will be supported by the translation springs through hinges. So the beam
is free to deform in any shape without being restricted apart from in the vertical direction.
Another option is to model the ribs and intermediate spans between the ribs as separate elements. Then
it is possible to include the entire rib as a single rigid element and the intermediate spans both as separate
elements. The bars modelling the top slab are assumed as infinitely stiff. The elements have to be connected
somehow. Connecting them by rotational springs with a certain stiffness seems the best option, because then
the rotation springs can be used to simulate the resistance behaviour of the top slab. The rigid rib elements
can only move vertically and are restricted in all other directions. The stiffness of the rotation springs will
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Figure 5.4: The first step in the creation of the two-dimensional model from the cross-section of the composite slab.

Figure 5.5: Model type 2b: a continuous transverse spanning beam supported by a single translation spring at each rib location

be derived from the deflection-moment relation of a rigidly supported beam that is subjected to support
settlement, see figure 5.7. This is meant to model the effect that the top slab will have on the ribs, when a
difference in deflection occurs. This model type is shown in figure 5.6.
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Figure 5.6: Model type 1: a system of rigid elements supported by a translation springs, representing the ribs, connected by
bar-elements representing the connecting top-slab

Figure 5.7: Rigidly supported beam subjected to support settlement and the shape of the resulting moment diagram

5.1.1. ASSUMPTIONS AND BOUNDARY CONDITIONS
Before the models can further developed, however, it is imperative that the initial assumptions and boundary
conditions of these models are established.

INITIAL ASSUMPTIONS

1. The steel and concrete are complete bonded, thus providing a complete composite cross-section.

2. Concrete does not have any tensile stress capacity.

3. To determine the rib-stiffness the effective steel cross-section has to be used.

4. The bending stiffness of the ribs is initially assumed to be constant over the length of the rib.

5. The load F is positioned on the centre of the middle rib.

6. If the load F is equal to or smaller than 7 kN the load is applied on a 50 mm x 50mm square. If the load
is 10 kN or larger it is applied on a 200mm x 200mm square.

7. The self-weight of the construction is initially neglected

BOUNDARY CONDITIONS

1. The ribs are simply supported on either end, allowing for rotation and horizontal translation but re-
stricting vertical translation

2. The slab is supported by two supports, at x = 0 and x = Lr i b , but transversely the slab is not supported
in any way.

5.1.2. MODEL 1: A SPRING-BAR SYSTEM
In this model the transfer of the load F acting on the system happens trough the rotation of the rotation-
springs connecting the bar-elements with the stiff rib-elements, which are in turn supported by the translation-
springs. The bar elements are also assumed to be infinitely stiff, since their resistance and rotation capacity is
included by the addition of the rotation spring. When the middle rib deflects under the load F and the ribs on
either side do not deflect as much a difference in deflection will cause the rotation springs and bar elements
to rotate, thus causing a resulting moment in the rotation-springs (figure 5.8). The goal of this model type is
to create a model that is easier to solve than by using differential equations to model every intermediate beam.
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Figure 5.8: Model type 1: showing the resulting moments caused by unequal deflection of the system

Looking at the system the first thing that can be said is that the rotation of the springs on either side of a bar
is equal (z-angles). The rotation springs and translation springs are governed by the spring equations 5.1 and
5.2 respectively.

Ms = ks ×θs (5.1)

Fr = kr ×δr (5.2)

Where: θs is the rotation of the bar-elements and δr is the deflection of a rib. The system is governed by
these two equations. The system does not have any rigid supports and is thus a mechanism. Its equilibrium
is derived from the spring stiffnesses. If we examine a rotational-spring closer (figure 5.9) the equilibrium
equation can be stated as is done in equation 5.3.

Figure 5.9: A close-up of a rotational-spring with θbar the rotation caused by the unequal deflection of the ribs and θs the rotation
caused by the spring reaction.

θbar −θs = 0 (5.3)

Where: the index s denominates variables related to the rotation spring and index r denominates variables
related to the translation spring. θbar is the rotation caused by unequal deflection of the ribs and θs is the
rotation caused by the reaction in the spring. Because the rotation springs and the bars are connected T het as

and T het abar have of course to be equal to each other.
The contribution to the rotation due to bending of the intermediate bars will be neglected because these bars
are assumed to be infinitely stiff. This is done because the bars have a width/height ratio of approximately
1
6 and are therefore very stiff. The rotation θbar can then be related to the deflection of the ribs according to
equation 5.4 (see figure 5.10) and θs can be rewritten by using equation 5.1 into equation 5.5.

θbar,ab = (δa −δb)

Lbar
(5.4)

θs = Ms

ks
(5.5)

The deflection δ is then expressed into a resultant of the internal shear forces by using figure 5.11, resulting
into equations 5.6 and 5.7. The equations state that the deflection must be equal to the net internal force that
is exerted on the translation springs.
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Figure 5.10: A schematic representation of the stiff bar rotating due to a difference in deflection between the central rib A and the outer
rib B.

Figure 5.11: The internal shear forces due to the moments caused by the springs and directly caused by the translational-springs

δa = F −Vab −Vac

kr a
(5.6)

δb = Vab

kr b
(5.7)

Because there is no additional load on the intermediate bars apart from the moments on either end, the shear
force in the bars must be constant and equal to the value in equation 5.8 (see again figure 5.8).

Vab = MaR +Mb

Lab
(5.8)

Where: Vab is the shear force in the bar, MaR and Mb are the moments acting on both ends of the bar caused
by the rotational-springs and Lab is the length of the bar. These moments are caused by the resistance in the
rotational-springs due to the rotation of the intermediate bar. Because the rotation of the bar (equation 5.5)
is equal on both sides the moments on both ends can be related by equating the rotation at the left-hand side
of the bar to the rotation on the right-hand side of the bar according to equation 5.9.

MaR

kaR
= Mb

kb
(5.9)

Now it is possible to insert equations 5.4, 5.5, 5.6, 5.7, 5.8 and 5.9 into equation 5.3 to obtain the spring
equilibrium 5.10 equation for the right side of the mechanism. This equation states that the total rotation
in the rotation spring MaR due to the movement of the mechanism θbar must be equal to the resistance in
the rotation spring θs due to the moment being enacted on it.

θbar,ab −θaR = 0 → (δa −δb)

Lbar
− MaR

kar
= 0 →

F−
MaR (1+ kb

kaR
)

Lab
−

MaL (1+ kc
kaL

)

Lac

kr a
−

MaR (1+ kb
kaR

)

Lab
kr b

Lab
− MaR

kaR
= 0 (5.10)
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The same equation can be composed for the left-hand side of the mechanism as can be seen in equation 5.11.

θbar,ac −θaL = 0 → (δa −δc )

Lbar
− MaL

kaL
= 0 →

F−
MaR (1+ kb

kaR
)

Lab
−

MaL (1+ kc
kaL

)

Lac

kr a
−

MaL (1+ kc
kaL

)

Lac
kr c

Lac
− MaL

kaL
= 0 (5.11)

These two equations now describe the behaviour of the mechanism. They relate the internal forces that occur
to the deflection and to the force that is applied at the central rib. The resistances of the rotation springs kaR

and KaL will be determined at a later stage. So that means that there are only two unknowns: MaR and MaL ,
since the force is known and so is the length of the span. The unknown internal moments that are left can be
solved with these two equations (5.10 and 5.11).
Up until now the rotational stiffnesses for all rotation-springs were assumed to be different from each other.
But this is not the case, since they are all derived from the same top plate spanning the width of the slab. If it is
assumed that only the direction in which the mechanism rotates makes a difference to the rotational-stiffness
(just as the stiffness of a beam is different when loaded by a hogging moment or a sagging moment) then all
rotational-stiffnesses can be replaced by a upwards stiffness Ksu and a downwards stiffness Ksd . Equations
5.11 and 5.10 then simplify to 5.12 and 5.13.

F−
MaR (1+ ksd

ksu
)

Lab
−

MaL (1+ ksd
ksu

)

Lac

kr a
−

MaR (1+ ksd
ksu

)

Lab
kr b

Lab
− MaR

ksu
= 0 (5.12)

F−
MaR (1+ ksd

ksu
)

Lab
−

MaL (1+ ksd
ksu

)

Lac

kr a
−

MaL (1+ ksd
ksu

)

Lac
kr c

Lac
− MaL

ksu
= 0 (5.13)

The acquired system of equations describes a system of three ribs and a single force F acting on the middle rib.
By solving it all the unknown internal forces can be found. By using the same methods as done in this section
the set of equations can be expanded to include more ribs on either side and more forces acting on any of
the ribs, the way in which this was done for five ribs is shown in appendix C. Furthermore is it important to
mention that in this approach until now the ribs are assumed to be rigid elements only translating vertically
and the connecting bars too are assumed to be rigid elements with an infinite bending stiffness only rotating
due to the unequal deflection of the ribs. This will result in a discrete deflection diagram, concentrated in the
ribs of which an example is shown in figure 5.12.

Figure 5.12: An example of the deflection of the composite slab, with five ribs, while being loaded by a concentrated load on the centre
rib. Each kink in the deflection diagram indicates the location of a rib

INCLUDING ADDITIONAL FEATURES IN THE MODEL

Up until now the model has only included the vertical translation of the ribs and it was assumed that the
bending stiffness of the intermediate beams was constant. This allows for the modelling of a single inter-
mediate beam, as is done in section 5.2.2. The coefficients ksu and ksd can be determined by modelling the
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intermediate beams with a differential equation. The moments at both ends of the beam can be expressed as
functions difference in deflection between two neighbouring ribs.
A problem arises, however, when torsion resistance of the ribs is introduced. When the assumption that
the ribs cannot rotate is abandoned, the ribs will rotate due to an effective moment, the difference between
the moment acting on the left side and the right side of the rib, that is acting over it. This means that, if
one wants to include the effect of the torsional resistance of the ribs, a model se-up that has been used up
until now is no longer possible. The internal forces in the ribs and intermediate beams are influenced by
internal forces elsewhere in the composite slab and thus a model using differential equations and boundary
conditions is more suited to describing this, than one where the moments and deflections are concentrated
in single points.
Practically this means that the approach used for model type 1 is no longer possible when including torsion
effects. If the torsion stiffness of the ribs is so high, that their rotation can be neglected then this model can
still be used. This will result in a deflection diagram similar to figure 5.13. It can be seen that the ribs do not
rotate and thus the intermediate beams act as though they have clamped supports, see figure 5.7.

Figure 5.13: An example of the deflection of the composite slab with infinite rib torsion stiffness and with five ribs, while being loaded
by a concentrated load on the centre rib. The long vertical green lines indicate the position of the ribs and the short vertical green lines

indicate the transition from positive to negative bending moment and vice versa.

CONCLUSION ON MODEL TYPE 1
The goal of this model type was to create a set of equations that is easier to solve than by solving it through
differential equations. In the end, however, it is only possible to include rotation of the rib-components when
using the differential equation approach. Model type 1 will therefore eventually result in the same modelling
type as type 2. The distinction between both of them is thus no longer necessary.

5.1.3. MODEL 2: CONTINUOUS BEAM SUPPORTED BY VERTICAL TRANSLATION-SPRINGS
A second way in which the horizontal spread of the force of the concentrated load could be modelled is by
modelling the top concrete part of the cross-section as a single continuous beam supported by the same
vertical translation-springs modelling the ribs as seen in the previous section. The deflection of the beam will
be characterized by the differential equation for bending in an Euler-bernoulli beam as seen in equation 5.14
(the distributed force q is equal to zero).

E I
d 4w

d x4 = 0 (5.14)

This equation can be integrated to acquire, in turn, expressions for the shear force, moment, cross-section
rotation and finally the deflection as seen in equation 5.15.

w(x) = 1

6
C1x3 + 1

2
C2x2 +C3x +C4 (5.15)

Where: w is the deflection of the beam and Ci are the integration constants. This equation is true for every
separately appointed field of the beam. Since the differential equation cannot handle any discreet forces or
changes, the continuous beam has to be divided into multiple elements, for all of which this equation holds
true. Combined with the spring coefficients kr this makes it possible to calculate how much of the load goes
to each rib. The continuous beam has thus been split into two fields, as shown in figure 5.14, from point C to
A and from point A to B respectively. All of the ribs could be loaded by a concentrated load and the translation
springs also exact a force at the bottom of the slab. The length between each rib is equal to L. Now that the
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Figure 5.14: A subdivision of the continuous top slab into two separate fields for the application of the differential equation for bending.
Each field has a length L

expression for the deflection and the fields to which it has to be applied are known, the next step is to state
the boundary conditions and the the interface between two fields the interface conditions. The boundary
conditions are stated in table 5.1 and the interface conditions can be found in table 5.2.

Table 5.1: The boundary conditions applied to the differential equations of the continuous beam

Boundary conditions
x = 0 x = 2L

M1 = 0 M2 = 0

V1 = kr c w(0)−Fc V2 =−kr c w(2L)+Fb

Table 5.2: The interface conditions applied to the differential equations of the continuous beam

Interface conditions
x = L

M1 = M2

V1 +V2 +kr a w(L) = Fa

ϕ1 =ϕ2

w1 = w2

These eight equations and the eight unknowns from the expressions for the deflection in both fields result
in a solvable system of linear equations, as seen below in equation 5.16. When solved one has acquired
the expression for the deflection of the continuous beam and through derivation the cross-section rotation,
moment and shear acting in the beam can also be obtained. This system describes only three ribs supporting
the top slab, but this method could of course be applied to a slab supported by any number of ribs. One only
needs to state the system of equations governing the model, which consist of the same boundary conditions
and the interface conditions repeated as many times as there are interfaces between separate fields. A system
of five ribs is described in detail in appendix C.

0 −1 0 0 0 0 0 0

1 0 0 kc
E I 0 0 0 0

−L −1 0 0 L 0 0 0

− L2

2E I − L
E I − 1

E I 0 L2

2E I
L

E I
1

E I 0

− L3

6E I − L2

2E I − L
E I − 1

E I
L3

6E I
L2

2E I
L

E I
1

E I

0 0 0 0 −2L −1 0 0

0 0 0 0 kb (2L)3
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INCLUDING ADDITIONAL FEATURES IN THE MODEL

The base model has now been established. It is, however, not complete yet. The behaviour that it exhibits now
is not modelling reality as close as is desirable. In order to accomplish that improvements will now be made.
This is done by adding additional features to the existing model and expanding its matrix until a sufficiently
accurate model is acquired.

Varying bending stiffness
The system above models a composite slab where the intermediate parts have a constant bending stiffness.
This is not a good approximation of reality though, since the top part of the slab has a different bending
stiffness depending on the direction of the bending moment. Thus parts of the intermediate slab under
a positive bending moment will act stiffer or less stiff than parts under a negative bending moment. This
problem can be solved by dividing the intermediate slab into two separate fields, each with its own differential
equation. By doing that different bending stiffnesses can be introduced. The result of this extra step can be
seen in equation 5.17.
Even now the intermediate slabs have been subdivided into two parts, they are not entirely accurate yet. The
bending stiffness of these parts of the slab vary with the direction of the bending moment, but they also vary
due to cracking of the concrete. When a certain bending moment is reached, the concrete in the intermediate
slabs will start to crack. At this point the bending moment stiffness of these cracked parts will decrease, thus
resulting in more variation of the bending stiffness. This can be modelled by dividing the top slabs into yet
more fields on which the differential equation is applied. The intermediate slabs are now divided into four
separate fields for positive and negative bending moments and for cracked and uncracked sections for each.
The result of this addition is a repetition of the steps taken previously, thus the results are not shown here
but can be found in appendix C. The model has now been adapted by adding varying bending stiffnesses, the
improved model can now be seen in figure 5.15.

Figure 5.15: Model type 2 has been adapted to allow for varying bending stiffnesses along the length of the top slabs. Each bending
stiffness has its own fields with accompanying bending stiffness.

Rotation resistance of the rib components
Modelling the slab in this manner still underestimates the stiffness. Because the slab is connected to the
translation springs through freely rotating hinges. This leaves the cross-section of the top slab free to rotate
even above the ribs. But in reality the ribs will give some resistance to this rotation because of their torsional
stiffness. Again the paragraph about torsion resistance in section 5.2.2 can be used to add this aspect to the
model matrix. Doing so will result in the set of equations shown in 5.17. In these equations aac and aab are
the locations of the interface between two differential equations. These locations can be placed anywhere on
the span of an intermediate beam. Thus making it possible to vary the stiffness of the beams according to the
directions that are obtained from drawing the moment diagram.
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Line load
The model has now been adapted to deal with features like varying bending stiffness and rotation resistance
of the ribs. This is good for the load case of concentrated loads on the ribs. It is also possible to add a line load
to the model. This will not be part of the laboratory testing but it is a likely load case nonetheless if the model
is to be applied to other design situations. Adding a line load can be done by adding a distributed load q to
the differential equations used at all separate fields. For this purpose equations 5.14 and 5.15 are modified
into equations 5.18 and 5.19 respectively. The line load is then applied over the full width of the model. The
results of this adaptation are not shown here and can be viewed in appendix C.

E I
d 4w

d x4 = q (5.18)
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w(x) = 1

E I

(
1

24
qx4 + 1

6
C1x3 + 1

2
C2x2 +C3x +C4

)
(5.19)

CONCLUSION ON MODEL TYPE 2
This model began as a continuous beam with a constant bending stiffness supported by three translation
springs and connected by hinges. This was a somewhat unrealistic modelling of reality, so varying bending
stiffnesses and rotation resistance by the ribs have been added. A line load can now also be applied to the
entire width of the composite slab. It is also possible to expand the model with as many ribs on either side
as is wanted and all of them can be loaded by a concentrated force. The deflection, rotation and internal
forces are then obtained by through solving the set of linear equations. Expanding the model with more ribs
on either side just enlarges the matrix shown above, but does not increase the difficulty of the model. The
stiffnesses of the beams, springs and ribs can be adjusted to suit different types of deep steel profiled deck
as well. The resulting deflection diagram is a continuous representation instead of a discrete one. Since this
approach gives a more accurate model and is not more difficult to solve or adapt it is a definite improvement
over model type 1. Therefore from now on only model type 2 will be continued.
A schematic representation of the definite model that will be used is shown in figure 5.16. Here it must be
noted that the length fields which have the bending stiffness of the cracked top slab E I±cr can be equal to
zero. This happens when the bending moment acting in the intermediate slabs never reaches the cracking
moment of the top slab cross-section.

Figure 5.16: The schematic representation of the final version of the model that will be used to study the distribution of a concentrated
load acting on a composite slab. The translation springs can only move vertically and are connected to the beam by rotation springs.

Each rib can be loaded by a concentrated load if desirable.

5.2. DETERMINING MODEL PARAMETERS
Now that both models have been established, the next step is to determine the constants and parameters
that are used in both models. These are the stiffnesses of the rotation-spring and translation-spring and the
bending stiffness of the top slab. The top-slab’s stiffness and the rotational-spring stiffness can be determined
right away because they are both effects that work in the two dimensional plane. The stiffness of the ribs,
however, can not be determined yet because this stiffness can vary over the length of the rib. This depends on
the degree of loading and whether or not the concrete in the ribs is cracked, not cracked or partially cracked.
This will be further explained in section 5.3.1.
One three dimensional aspect that does effect the other two parameters is the distributive length over which
the stresses due to the concentrated load F are being distributed. In other words: what length of the top slab
is contributing to the transverse distribution of the stress? What is the distributive length Ldi s ? See also figure
5.17. In several sections a value of 200 mm may be assumed for this parameter, but this is as of yet still only
an assumption. This topic will be discussed later on.

5.2.1. TOP SLAB STIFFNESS E It s
The cross-section of the top slab consists of several components similar to the cross-section of the entire slab.
A figure of the cross-section of the slab spanning the length between each rib is given in figure 5.18. The bend-
ing stiffness of this cross-section can be calculated by adding the contribution of the separate components:

1. the concrete

2. the top mesh (transverse only)
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Figure 5.17: A top view of the composite slab loaded by a concentrated load F. The load is distributed to the ribs on both side of the
centre rib, but what length of the top slab is contributing to this distribution? This question needs to be answered.

Figure 5.18: A cross-section of a part of the top slab that spans the length between each rib, with a certain distributive length. The
parameter zc indicates the height of the neutral axis in the cross-section.

3. the top mesh (transverse only)

The contribution of the steel profiled deck is neglected because, due to the embossments, the profiled deck
will not be able to contribute much. The deck is not sufficiently anchored in the length to assume that the
deck will contribute. Also, because the meshes being optional, the bending stiffness depends slightly on
whether or not reinforcement meshes are present. When the meshes are not present the effective height of
the cross-section from the concrete compression zone to the active reinforcement will change and this greatly
influences the the bending stiffness.
Since the top slab can also be loaded by a negative bending moment, the bending stiffness in the negative
direction is also of importance. This is especially true when only one of the reinforcement meshes (e.g. the
top mesh) is present, since then the arm between the concrete compression zone and the effective tensile
reinforcement becomes very small, resulting in a low effective bending stiffness. The different bending stiff-
nesses for both positive and negative moments and with two meshes, only the top mesh and no meshes are
all shown in table 5.3 and all different situations are illustrated in figure 5.19. A detailed description of this
computation is written in appendix D.
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Table 5.3: The different bending moment stiffnesses of the intermediate slab, depending on the reinforcement meshes and with a
distributive length of 200 mm.

Effective bending stiffness E It s [N mm2] (Ldi s = 200mm)
Positive moment Negative moment

both reinforcement meshes 1.52×1011 1.26×1011

Only top reinforcement mesh 4.91×1010 1.58×1011

No reinforcement mesh 1.72∗1011 1.72∗1011

(a) The stress and strain diagram resulting from a
positive bending moment on a cross-section with

only the top reinforcement mesh.

(b) The stress and strain diagram resulting from a
positive bending moment on a cross-section with

both the top and the bottom reinforcement meshes.

(c) The stress and strain diagram resulting from a
negative bending moment on a cross-section with

only the top reinforcement mesh.

(d) The stress and strain diagram resulting from a
negative bending moment on a cross-section with

both the top and the bottom reinforcement meshes.

Figure 5.19: Both stress and strain diagrams resulting from a positive and negative bending moments acting on the cross-section of the
top part of the composite slab.
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PLASTIC BEHAVIOUR OF THE TOP SLAB

Now the bending stiffness of the top slab in the transverse direction is known it can be used in the analytical
model. But now another question arises: how does the top slab behave when is no longer in the linear elastic
zone? Here it will be assumed that the top slabs have a M-κ relation as shown in figure 5.20. This means that
after reaching the plastic limit of the top slab, the point at which the reinforcement steel starts yielding, the
moment cannot further increase despite the rotation of the cross-section increasing.

Figure 5.20: The assumed rotation-moment relation of the top slabs.

When this is combined with the relation between the bending moment and the rotation of a cross-section
which is shown equation 5.20, the bending stiffness of the top slab in the plastic zone can be obtained. The
increasing rotation in the cross-section and the constant bending moment mean that the bending stiffness
of the top slab has to decrease continuously after the plastic phase is reached. This continues until a certain
rotation value is reached where failure will occur. Failure will likely occur because the increasing rotation
will become too much for the concrete in the compressive zone and that concrete will be crushed. Only the
concept of this calculation is discussed here. The precise values that will be used are calculated and shown in
appendix D.

M = E I ×κ (5.20)

5.2.2. ROTATION-SPRING ks STIFFNESS AND INTERMEDIATE SLAB STIFFNESS
This variable is important for both model type 1 and type 2. The rotation spring coefficient ks determines
the traverse distribution of the load of model type 1 in a large manner and the bending stiffness of the top
slab functions in the same manner for model type 2. It is therefore important that this parameter is examined
carefully. First it has to be established where the rotation resistance comes from.

CLAMPED INTERMEDIATE TOP SLAB

The intermediate parts of the top slab are considered as clamped beams that under go a certain support
settlement at one side as shown in figure 5.21. They are considered clamped because they are connected
to the ribs, which will resist rotation. The top slab is modelled in this way because it is rigidly connected to
the ribs and the difference in deflection between the middle rib and a rib next to it can be combined into a
single effective deflection δe f f . When the beam depicted is subjected to the support settlement the bending

Figure 5.21: A rigidly supported beam subjected to support settlement and the resulting shape of the moment diagram

stiffness of the beam will resist this reflection. If this beam is then analysed through the differential equation
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for bending it is possible to obtain a relation between the deflection and the moments at both ends of the
beam. This relation is the rotation stiffness coefficient of parameter ks and thus the goal of this section.

One complication, however, arises when the bending stiffness of the beam is observed. If the bending stiff-
ness of the deflecting beam is constant over its length the moments at both ends will be equal to one and
another. But it has to be kept in mind that the intermediate top slab has a different bending stiffness when
it is loaded by negative bending moment. So instead of a constant bending stiffness over the beam length, a
beam with two different stiffnesses has to be examined. This can still be done by using the differential equa-
tion but the beam has to be divided into two fields. Because of the difference in stiffness the moments at both
ends of the beam will not be equal and thus the distance at which the moment changes signs (from positive
to negative and vice versa) is not known and has to be found as well. Thus the beam in figure 5.22 is exam-
ined. Since there are again two differential equations, this problem can as before be stated in a set of linear

Figure 5.22: The rigidly supported beam divided into two fields with the unknown distance acr the distance of the start of the negative
bending zone to the closest support

equations through the use of boundary conditions. The boundary and interface conditions used are shown
in table 5.4 and the distance a acts effectively as an additional unknown and can be expressed as is done in
equation 5.21. To solve this new unknown one extra boundary condition is needed, therefore there are 9 in
total.

Table 5.4: The boundary conditions applied to the differential equations of the deflected beam

Boundary conditions
x = 0 x = L

w1 = 0 w2 = δe f f

ϕ1 = 0 ϕ2 = 0

Interface conditions
x = a

V1 =V2

M1 = 0

M2 = 0

ϕ1 =ϕ2

w1 = w2

a = M1
Li nt −a

M2
= M1L

M1 +M2
(5.21)

The set of linear equations that is obtained by stating these boundary conditions by means of the integration
constants of the differential equations is shown in equation 5.22. While solving this set, equation 5.23 will
come up and from this equation, when neglecting the trivial and negative solution, a can be solved. The
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equation for a is given in 5.24.
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D1

[
1

2
a2(n −1)+aL− L2

i nt

2

]
= 0 (5.23)

a = −Li nt +
√

nLi nt 2

n −1
(5.24)

In which n is the ratio between the positive bending stiffness and the negative bending stiffness of the top slab
n = E I+/E I−, Ci and Di are the integration constants and a is the distance of the beam over which a negative
moment is acting. With this expression for the distance a and the set of linear equations stated above, the
moments at both ends of the beam can be expressed as a coefficient times the rotation of the intermediate
slab between the ribs. These coefficients are the values for the rotation spring stiffness that are needed for
model 1.

ROTATING INTERMEDIATE BEAM SUPPORTS

While the supports of the intermediate beam were considered clamped, this is of course not entirely true.
The ribs will resist rotation of the intermediate beams, but they cannot resist this rotation completely and the
supports are thus now the supports will be modelled as being rotation springs instead. The stiffness of this
spring is provided by the torsion resistance of the ribs.

Torsional moment resistance coefficient of the ribs
The ribs will undergo a rotation due to the deflection caused by the acting load. This rotation will in turn cause
a resisting torsion moment. The rotation in an element due to a torsional moment is determined through
equation 5.25.

θ = T L

JG
(5.25)

Where T is the torsional moment, L is the length of the beam, G is the shear modulus and J is the moment of
inertia of the beam. The shear modulus of concrete is calculated according to equation 5.26, with a poisson-
ratio νc for concrete of 0.2. The moment of inertia of a rectangular beam is estimated through the usage of
the formula shown in 5.27.

Gc = Ec

2(1+νc )
= 30000

2(1+0.2)
= 12500N /mm2 (5.26)

J =βab3 (5.27)

Where J is the moment of inertia, a is the length of the long side of the rectangle and b is the short side of
the rectangle and β is a coefficient that can be determined with table 5.5. Using the information above, the
rib is then approximated by two rectangles, one representing the top part of the slab with the dimensions
B ×L of 270× 70 and the other representing the actual rib itself with the dimensions of 115.5× 210. Then,
by combining equations 5.25, 5.26 and 5.27, the torsion stiffness coefficient of the rib can be computed as is
done in 5.28. The value is multiplied by two,because the torsional moment is applied in the middle of the rib
span and thus both sides of the composite slab resist half of the applied moment.

kr t = 2× JG

L
= 2× (0.278×270×703 +0.213×210×115.53)×12500

5400
= 8.77×108N mm (5.28)



5.2. DETERMINING MODEL PARAMETERS 39

Table 5.5: A table with approximations for the value of /bet a

a/b β

1.0 0.141

1.5 0.196

2.0 0.229

2.5 0.249

3.0 0.263

4.0 0.281

5.0 0.291

6.0 0.299

10.0 0.312

∞ 0.333

Rotating support modelling for the intermediate slab
Having calculated the torsion stiffness coefficient of the ribs, the reaction of the intermediate slab can be
determined again, but now including the rotation stiffness at the supports instead of a clamped support. The
boundary conditions are almost the same, save for the rotation conditions, as can be seen in table 5.6. These

Table 5.6: The boundary conditions applied to the differential equations of the deflected beam including the rotation at the supports

Boundary conditions
x = 0 x = L

w1 = 0 w2 = δe f f

ϕ1 =ϕ0 ϕ2 =ϕL

Interface conditions
x = a

V1 =V2

M1 = 0

M2 = 0

ϕ1 =ϕ2

w1 = w2

boundary conditions then result in the set of equations as shown in 5.29, the changes in the matrix compared
to the clamped intermediate beam have been highlighted.
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Solving the set of equations above results in the following expression for the distance a. With n again being
the ratio of the different bending stiffnesses n = E I+/E I−.

a =
−L− 2E I+

kr t
+

√
nL2 + 2E I+

kr t
(1+n + 2E I+

Lkr t
)

n −1
(5.30)

The expression above is similar to that of the one found before and indeed when kr t =∞ is used, the previ-
ous expression for a is again obtained. There is, however, another major difference between the result just
obtained and the previous modelling with clamped supports. The initial rotation of ribs is dependant on the
moment at both sides of the rib that are exerted on it. This means that the modelling of the intermediate
beam cannot simply be used to obtain coefficients relating the moment at the beam ends to the deflection
any more. Since the moments in other intermediate beams are also influencing the moments in this inter-
mediate beam. The only option is therefore to integrate the modelling of this intermediate beam into a single
model as it is done for model type 2.

CRACKING OF THE INTERMEDIATE SLABS

Differences of the bending stiffness in the intermediate slabs have now been introduced by dividing them into
multiple fields each with its own differential equation and bending stiffness. The bending moment stiffness,
however, does not only vary due with the direction of the acting bending moment. It is also influenced by
whether the intermediate slabs are cracked or not.

5.2.3. RIB BENDING STIFFNESS E Ir
The bending stiffness of the rib component is not constant throughout the loading of the slab. After a certain
threshold of the applied bending moment is reached the concrete in the rib, apart from that in the compres-
sive zone, will start to crack. It is assumed that the now cracked concrete has a lowered Young’s modulus. The
entire cross-section will get a decreased bending stiffness as a result of the cracking of the concrete. It is now
assumed that only the concrete in the troughs of the profiled steel deck cracks and that the concrete layer on
top serves as the compression zone. Another assumption is that the cracked concrete has a Young’s modulus
equal to a third of the uncracked concrete or 10000 N /mm2 in this particular case.
With these assumptions the bending stiffness for the uncracked rib cross-section E Ir i b,uc and the bending
stiffness for the cracked rib cross-section E Ir i b,cr can both be calculated by using figure 5.23. The results
of this process are shown in table 5.7 for easy comparison and a detailed description of this computation is
given in appendix D.

Figure 5.23: The cross-section of a rib
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Table 5.7: This table displays an overview of the bending stiffness of the cracked ribs with or without the presence of the reinforcement
meshes in the top part of the cross-section.

Situation Uncracked bending
stiffness E Ir i b,uc

[N mm2]

Cracked bending
stiffness E Ir i b,cr

[N mm2]

E Ir i b,cr

E Ir i b,uc
×100 [%]

Both top and bottom reinforce-
ment mesh

1.337×1013 8.688×1012 64.98

Only top reinforcement mesh 1.331×1013 8.688×1012 65.15

No top or bottom mesh 1.315×1013 8.688×1012 65.40

5.2.4. ASSUMPTIONS MADE IN THE TWO-DIMENSIONAL MODEL
Here all the assumptions made in this section are summarized to give a clear overview of them.

• Concrete does not have any tensile stress capacity.

• To determine the rib-stiffness the effective steel cross-section has to be used.

• The load F is only located on the centres of a rib.

• If the load F is equal to or smaller than 7 kN the load is applied on a 50 mm x 50mm square. If the load
is 10 kN or larger it is applied on a 200mm x 200mm square.

• After cracking of the concrete in the ribs occurs, it is assumed that only the concrete in the steel troughs
is cracked.

• It is assumed that the cracked concrete has a Young’s modulus equal to 1/3 of the uncracked Young’s
modulus. This equals to a stiffness of 10000 N /mm2 for C20/25 concrete.

• The steel deck does not contribute to the transverse bending stiffness of the top slab.

• The bars connecting the ribs in model 1 are infinitely stiff.

• The steel deck profile is reduced to the effective profile when loaded by a bending moment.

5.3. EXPANDING THE MODEL TO INCLUDE THREE-DIMENSIONAL EFFECTS
Now that the two dimensional models have been established the next step is to discuss three dimensional
effects into the models. The effects that will be discussed are:

• The varying bending stiffness E I of the rib.

– Due to cracking of concrete

– Due to differences in support stiffness or settlement

• The distributive length Ldi s over which the concentrated load is distributed transversely.

• The position of the concentrated load F with regards to the distance to the supports.

5.3.1. THE TRANSLATION-SPRING STIFFNESS kr AND DISTANCE OF LOAD F TO THE SUPPORTS
The translation-spring with a stiffness Kr has already been mentioned in the previous section. It plays a
prominent role in both model 1 and model 2, because the ribs support the top slab. The ribs could be seen
as fictional beams supporting the slab on top. For these fictional beams a relation between the deflection
and the force applied can be found by using the differential equation for bending. This differential equation
assumes, however, an uniform bending stiffness over the length of the beam and this is not true for the ribs.
The concrete in the ribs will start to crack after a certain load threshold is reached and then their bending
stiffness will decrease. The rib will then consist of partially uncracked and a partially cracked sections.
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Another aspect that exerts its influence when expanding the models to include to include three dimensional
effects is the location of the concentrated load F. Since when the load F is placed closer to the supports of the
slab, the slab will be stiffer than when it is placed at the center of the span. Because this issue is closely related
to the determination of kr , they will be examined together.

CONSTANT STIFFNESS

First the case where the bending stiffness E Ir i b of the rib is uniform is assumed, see figure 5.24. The rib is
modelled as a simply supported beam loaded by a concentrated load F at a distance a from support A and b is
the distance from the load to support B. Where a always is the shortest distance of a and b. This results in the
moment diagram of figure 5.25. The beam has a constant bending stiffness E Iuc and a length : Lr i b . From

Figure 5.24: The longitudinal cross-section of a rib

Figure 5.25: The moment diagram of a rib loaded by a concentrated load at distance a

the equilibrium equations the support forces Fa , Fb and the moment at the location of the load Mc can now
be obtained; they are displayed in table 5.8. The beam has to be divided into two parts, because the moment

Table 5.8: The internal forces in the beam acquired through the equilibrium equations

Forces Epressions

Support force Fa
F b

a +b

Support force Fb
F a

a +b

Moment Mc
F ab

a +b

diagram contains a kink so it cannot be covered by a single differential equation. The left side of the moment
diagram can be expressed according to equation 5.31 and when the moment is equated to the second order
differential of the deflection 5.33 is obtained. This can then be integrated to obtain equations 5.34 and 5.31.

M(x) = F b

a +b
x (5.31)

E I
d 2w

d x2 =−M(x) =− F b

a +b
x (5.32)

E I
d w

d x
=−E Iϕ(x) =−1

2

F b

a +b
x2 +C1 (5.33)

E I w(x) =−1

6

F b

a +b
x3 +C1x +C2 (5.34)
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The next step is to apply the boundary conditions shown in table 5.9, the resulting values for the integration
constants are also shown. The deflection w(x) can then be written as done in 5.35, by simplifying and replac-
ing b by (Lr i b − a) equation 5.36 is acquired. Because the deflection will be the largest at x = a, this value is
assumed for x and thus equation 5.37 is obtained.

Table 5.9: The boundary conditions applied to the differential equations of the simply supported beam

Boundary x = 0 x = a

Condition w(x) = 0 ϕ(x) = 0

Result C2 = 0 C1 = 1

2

F ba2

a +b

w(x) = 1

E I

(
−1

6

F b

a +b
x3 + 1

2

F ba2

a +b
x

)
(5.35)

w(x) = F (Lr i b −a)

6E I Lr i b

(−x3 +3a2x
)

(5.36)

w(a) = F a3(Lr i b −a)

3E I Lr i b
(5.37)

If this formula is now rewritten to fit the format of a spring F = k ∗u, then the spring-coefficient kr i b for
the translation spring is now obtained, see 5.38. When this formula is checked by taking a = 1

2 Lr i b it is ob-

tained that kr i b = 48E I

L3
r i b

, which is indeed the stiffness coefficient of a simply supported beam loaded by a

concentrated load at mid span.

kr i b = 3E I Lr i b

a3(Lr i b −a)
(5.38)

VARYING STIFFNESS IN STEPS

Now that the spring coefficient is obtained for a rib with an uniform bending stiffness, it is time to look at a
rib with a non-uniform bending stiffness. It is assumed that there are now two bending stiffnesses in the rib:
a bending stiffness for the uncracked parts of the rib E Iuc and a bending stiffness for the cracked parts of the
rib E Icr . The load F is still applied at a distance a from support A. It is assumed that the rib cross-section will
crack after a certain threshold moment Mcr is reached. The length of the uncracked zone on the shorter side
of the rib is now called d . In figure 5.37 the newly modelled rib is displayed and in figure 5.37 the moment
diagram belonging to the rib is shown. For the length a of the rib two differential equations have to be posed

Figure 5.26: The longitudinal cross-section of a rib with a cracked zone and two uncracked zones

because the bending stiffness differs between the two newly created zones. So in order to have two fields with
a constant bending stiffness field one with a deflection w1(x) is taken from x = 0 to x = d and field two with a
deflection w2(x) is taken from x = d to x = a. Where d is related to Mcr , F and a according to equation 5.39
and d should be taken as 5.40.

d = Mcr

F

a +b

b
= Mcr

F

Lr i b

Lr i b −a
(5.39)
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Figure 5.27: The moment diagram belonging to the cracked rib

d =
{

Mcr
F

Lr i b
Lr i b−a if 0 ≤ d ≤ a

a if d ≥ a
(5.40)

Now the same differential equations can be posed and integrated for both fields as done for the rib with a
constant bending stiffness. This is done in equations 5.41, 5.42, 5.43, 5.44, 5.45 and 5.46.

E Iuc
d 2w1

d x2 =−M1(x) =− F b

a +b
x (5.41)

E Iuc
d w1

d x
=−E Iϕ1(x) =−1

2

F b

a +b
x2 +C1 (5.42)

E Iuc w1(x) =−1

6

F b

a +b
x3 +C1x +C2 (5.43)

E Icr
d 2w

d x2 =−M2(x) =− F b

a +b
x (5.44)

E Icr
d w2

d x
=−E Iϕ2(x) =−1

2

F b

a +b
x2 +D1 (5.45)

E Icr w2(x) =−1

6

F b

a +b
x3 +D1x +D2 (5.46)

Again the boundary conditions of the previous section can be applied as seen in table 5.10. But because there

Table 5.10: The boundary conditions applied to the differential equations of the simply supported beam

Boundary x = 0 x = a

Condition w1(x) = 0 ϕ2(x) = 0

Result C2 = 0 D1 = 1

2

F ba2

a +b

are now two fields another set of two interface conditions are needed to ensure that they represent one beam
with continuous deflection and rotation. The interface conditions at x = d are as shown in table 5.11. The

Table 5.11: The boundary conditions applied to the differential equations of the simply supported beam

Interface x = d

Condition 1 ϕ1(d) =ϕ2(d)

Condition 2 w1(d) = w1(d)

continuation of the moment has already been secured by using the same slope for the moment diagram in
both functions. The result from interface condition 1 is that C1 is now known, this is shown in equation 5.47
and the result from interface condition 2 (by inserting C1)is the value for D2 as shown in equation 5.48.

C1 = 1

2

F bd 2

a +b

(
1− E Iuc

E Icr
+ E Iuc

E Icr

a2

d 2

)
(5.47)

D2 = 1

6

F bd 3

a +b

(
1− E Icr

E Iuc

)
+ 1

2

F bd 3

a +b

(
E Icr

E Iuc
−1+ a2

d 2

)
− 1

2

F ba2d

a +b
(5.48)
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At this point it becomes convenient to introduce the constant n = E Iuc

E Icr
, while noting that for this constant

n ≥ 1 should hold true. The found constants C1 and D2 can now be rewritten to equations 5.49 and 5.50.

C1 = 1

2

F bd 2

a +b

(
1−n +n

a2

d 2

)
(5.49)

D2 = 1

6

F bd 3

a +b

(
3

a2

d 2 + 2

n
−2

)
− 1

2

F ba2d

a +b
(5.50)

By introducing these found expressions into the expression for the deflection, equations 5.51 and 5.52 are
obtained.

w1(x) = F b

6E Iuc (a +b)

[
−x3 +3d 2

(
1+n

[
a2

d 2 −1

])]
(5.51)

w2(x) = F b

6E Icr (a +b)

[
−x3 +3a2(x −d)+d 3

(
3

a2

d 2 + 2

n
−2

)]
(5.52)

Again we are only interested in the deflection at a, so we put x = a and b = (Lr i b − a) into the expression
for the deflection w2 and then through a small simplification equation 5.53 is acquired. This formula can be
checked by using n = 1 and d = a and when these values are used equation 5.37 is indeed found. The spring
coefficient kr i b when parts of the rib are cracked is thus found to be equal to equation 5.54.

w2(a) = F (Lr i b −a)

6E Icr Lr i b

[
2a3 −d 3

(
2− 2

n

)]
(5.53)

kr i b = 6E Icr Lr i b

(2a3 −d 3
(
2− 2

n

)
)(Lr i b −a)

(5.54)

COMPOSITE SLAB SELF-WEIGHT

Up until now only the concentrated load has been included into the model. A line load can be applied to the
top slab, but the self-weight of the composite slab has not yet been included. The self-weight of the com-
posite slab will be applied to the ribs as a line load, since it affects the moment distribution in the ribs and
thus the size of the area of the ribs where the concrete is cracked. It also affects the deflection and the load
capacity of the ribs.
The self-weight of the composite slab exercises a bending moment on the ribs as does the concentrated load.
The shape of the bending moment is parabolic and both bending moment diagrams can be added to each
other. The formula for the bending moment can then be expressed as is done in equation 5.55. When equat-
ing the expression for the bending moment in the ribs with the cracking moment calculated for the ribs Mcr

the value for which the cracking moment is reached d can again be found. This is shown in equation 5.56.
This equation is parabolic and the solution is shown in equations 5.57 and 5.58.

M(x) = 1

2
qx2 − F bx

Lr i b
− 1

2
qLr i b x (5.55)

M(x) = 1

2
qx2 − F bx

Lr i b
− 1

2
qLr i b x =−Mcr (5.56)

d1,2 =
L2

r i b q +2F (Lr i b −a)+
√

L4
r i b q2 +4F L2

r i b(Lr i b −a)q +aF 2(Lr i b −a)2 −8qL2
r i b Mcr

2qLr i b
(5.57)

d1,2 =
L2

r i b q +2F (Lr i b −a)−
√

L4
r i b q2 +4F L2

r i b(Lr i b −a)q +aF 2(Lr i b −a)2 −8qL2
r i b Mcr

2qLr i b
(5.58)

Of the two answers found d2 is the answer that was desired and that gives the distance at which the concrete
in the ribs will be cracked when loaded by a concentrated load and a distributed load. Using the expression
d2 to find the rib translation stiffness coefficient as stated in the previous paragraph includes the effect of the
self-weight of the composite slab into the model.
Of course the self-weight also induces some deflection in the composite slab and has to be resisted and thus
takes up some bending moment capacity. When both of these aspects examined when predicting the be-
haviour of the experiment the effect the self-weight has needs to be kept in mind.
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5.3.2. THE DISTRIBUTIVE LENGTH Ldi s
The distributive length has been named before in previous sections. This variable is not an actual material or
geometrical variable, but stems from the type of modelling that was chosen, see figure 5.28 and 5.29. It was
chosen to approach the modelling the three-dimensional composite slab by composing a two-dimensional
model first for the width of the composite slab and to incorporate three-dimensional aspects that are relevant
into that model. These two-dimensional models can span the entire width of the composite slab. But the
length of the two-dimensional model along the rib is not easily determined.

Figure 5.28: The ribs are divided longitudinally into discrete elements. Each one of these elements is modelled using the
two-dimensional model that was developed. The element coloured grey is analysed here with regard to the distribution of the force F .

(a) A top view of a composite slab consisting of three ribs,
with the concentrated load F placed on the central rib.

(b) Cross-section B-B of the composite slab, showing a
schematic picture of the three ribs and the top slab of the

composite slab.

(c) Cross-section A-A of the composite slab,
showing the top slab with the transverse

reinforcement over the distributive length but
not the reinforcement or the steel deck.

Figure 5.29: The top view of the composite slab and two details, showing the effective length.

The distributive length is a factor when determining the bending stiffness of the top part of the composite
slab and thus effects the distribution of the concentrated load over the width of the composite slab indirectly.
A smaller distributive length will result in a less stiff top slab and thus a smaller distribution of the concen-
trated load. Vice versa this is also true: longer distributive lengths result in a stiffer top slab in the model and
thus a greater spread of the load. This raises the question: how large should the distributive length Ldi s be
chosen? It is not a physical property of the materials used or a geometrical property of the composite slab.
This distributive length is an imaginary factor introduced into the model to cope with the fact that a two-
dimensional model is used to make predictions about a three-dimensional composite slab. The influence on
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the distribution along the width is quite large thus it will not satisfy to just guess a value for the distributive
length. This section describes the manner in which the distributive length is estimated.

DISTRIBUTIVE WIDTH AND DISTRIBUTIVE LENGTH

The size of the distributive length that is chosen does not affect the distribution along the length of the rib.
But it certainly affects the horizontal distribution. This is due to the fact that the distributive length influences
the bending stiffness of the top slab (the larger the distributive length, the higher the bending stiffness of the
top slab in the model becomes). And the ratio of the bending stiffness and the stiffness of the translation
springs determine in what way the load is distributed. This effect will be discussed further in section 5.4.
In order to acquire an estimation of the distributive length the following approach will be used:

1. Assume a number for the distributive length Ldi s (e.g. 200 mm).

2. Calculate the distribution of the concentrated force over the ribs using the analytical model.

3. Using the distribution from the model (in percentages per rib) compute a representative distributive
width Bdi s

4. Use the distributive width in a new model to determine the distribution of a force over the length of a
rib to determine the distributive length Ldi s .

5. Repeat steps 1 through 4 until a stable solution has been reached.

Distributive width Bdi s

By distributive width Bdi s it is meant that the output of the analytical model as a percentage of the con-
centrated load per rib will be converted in a width measurement of the composite slab that is supposed to
contributed towards the bearing of the load. A similar problem is tackled with concrete ribbed slabs in Eu-
rocode 2 [2], see the extract from Eurocode 2 in figure 5.30. But whereas the Eurocode rules are empirical,
in this case the model output provides some support. The question is though: how to define an distributive
width.
The stresses in the top slab will be largest at the location of loading in the rib and will slowly decay when
moving away from the loading location. This will have a shape similar to figure 5.30. However, since it is hard
to calculate with different or varying stress levels. It is easier to assume the stress to be equally distributed
over an distributive length.

Figure 5.30: A schematic representation of the stress diagram caused by an acting concentrated load and the block of equal stress with a
length of the distributive width representing the same load.

The shape of the stress diagram is not clear yet though. The model output gives the percentage of the con-
centrated load that is borne per rib. If one assumes that the ribs all are a point on the stress diagram of the
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transverse stresses in the composite slab. And if one then looks at the percentage that is borne in the centre,
neighbouring and outer ribs then three points on the stress diagram are known. Plotting an S-curve through
these points will give an approximation of the stress diagram. The basic formula used to construct this S-
curve is shown as in equation 5.59.

S − cur ve(x) = A+ B

C +eDx+E
(5.59)

Where A,B,C,D and E are constants that can be adjusted to suit the output of the analytical model. The result
is a family of S-curves as shown in figure 5.32. Converting the curves into a block with width Be f f and an
equal stress requires certain assumptions. The assumptions made about the stress block are as follows.

1. The integral of the stress block and the S-curve are equal

2. The height of the stress block is equal to 80 % of the maximum stress of the curve.

3. When the load percentage in the centre rib exceeds 80% it is chosen to take the stress block height as
85% off the centre rib percentage.

It is chosen to use a slightly higher stress block when the load is more concentrated on the centre rib. This
is done in order to avoid using stresses that are much lower than the actual occurring peak stresses in a rib.
Using the three assumptions above the width of the stress block can be calculated and those blocks are also
shown in the figure along with the curves. In table 5.12 the variables used for the examples displayed in the
figure 5.32 are shown. With that the distributive width correlating with the output of the two dimensional
model is known. The exact manner of calculation of the distributive width Be f f is shown in equation 5.60.
When the loading percentage of the centre rib exceeds 80%, equation 5.61 is used instead.
Whenever the distributive width increases, eventually the width will increase to encompass more than one
rib. The analytical model delivers the percentage of the total load that is carried by each rib. The stress
distribution in between the ribs is not known. In order to still make an estimation about the distributive width
with the S-curve, it is assumed that the stresses follow the S-curve along with width of the composite slab with
the output of the analytical model being points on the curve, see figure 5.31. This method overestimates the
stresses that are carried by the parts between the ribs and thus overestimates the distributive width. This fact
needs to be kept in mind, since it does influence the final results.

Figure 5.31: A schematic representation of the stress diagram caused by an acting concentrated load on three ribs and the block of equal
stress with a length of the distributive width representing the same load.

Bdi s = 2×

Ri b1∫
Ri b3

S − cur ve(x)

0.80×Ri b1,%
(5.60)

Bdi s = 2×

Ri b1∫
Ri b3

S − cur ve(x)

0.85×Ri b1,%
(5.61)
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Figure 5.32: A schematic representation of half of the stress diagram caused by an acting concentrated load and the block of equal stress
with a length of the distributive width representing the same load.

Table 5.12: The values of the parameters used to construct the S-curves representing .

Curve name Rib 1 [%] Rib 2 [%] Rib 3 [ %] A B C D E

B1 50 50 30 6 3 50 1 − 1
190 3

B2 80 50 30 6 8 70 1 − 1
90 10

B3 40 50 30 6 8 35 1 − 1
190 3

B4 30 50 30 6 10 33 1 − 1
190 3

B5 48 50 30 6 2 82 1 − 1
140 4.5

B6 86 50 30 6 6 55 1 − 1
90 10

B7 55 50 30 6 2 92 1 − 1
140 5

B8 91 50 30 6 2 60.5 1 − 1
89 10

B9 60 50 30 6 0.5 2 1 − 1
140 5

Distributive length
The output of the two dimensional model which results in the calculation of the distributive width depends
on the distributive length, which is shown in figure 5.29. Because of their mutual dependence the best way to
find a reasonable solution is to choose a starting value and calculate and recalculate both values until a stable
solution is obtained. Thus the distributive width depends on the distributive length which was assumed at a
certain value at the start. Determining the size of the distributive length will be done as follows.
The top slab is now considered in the y-direction, instead of the x-direction as was done before. The top slab
is assumed to be a beam supported by an elastic foundation. This is depicted in figure 5.33. The ribs of the
composite slab form this elastic foundation and the top slab will be modelled as a beam supported by the rib-
foundation. The bending stiffness of this beam depends on the positioning of the longitudinal reinforcement
meshes in the top slab and the distributive width that was calculated previously.
The model that is now obtained can be worked out. The goal is to find the deflection of the beam and how this
deflection is influenced by the respective stiffness of the beam and the foundation. To work out the solution
for this problem the euler-bernoulli differential equation will be applied onto the beam. Because the beam is
supported by the elastic foundation the differential equation is as shown in equation 5.62.

E It s,l ong
d 4w

d x4 +kr i b w = q (5.62)

Where w is the deflection of the beam. Because there is no distributed load the factor q is equal to zero. There
is of course the self-weight of the top slab, but this weight is left out of the analysis. Now after substituting
w = emx into equation 5.62 gives the characteristic equation 5.63
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Figure 5.33: A schematic representation of half of the stress diagram caused by an acting concentrated load and the block of equal stress
with a length of the distributive width representing the same load.

m4 + kr i b

E It s,long
= 0 (5.63)

The roots of this equation are:

m1 =−m3 =λ(1+ i ), m2 =−m4 =λ(−1+ i ) (5.64)

With

λ4 = kr i b

4E It s,l ong
(5.65)

The factor λ is the characteristic value of the solution and has a dimension leng th−1. The general solution
of the differential equation then becomes as is depicted in equation 5.66.

w =
1,4∑
i

Ai emi x (5.66)

This can be rewritten into equation 5.68 using the two equations from 5.67.

e iλx = cos(λx)+ i sin(λx), e−iλx = cos(λx)− i sin(λx) (5.67)

w(x) = eλx [C1 cos(λx)+C2 sin(λx)]+e−λx [C3 cos(λx)+C4 sin(λx)] (5.68)

The constants are related to constants Ai through the following relations.

C1 = A1 + A2, C2 = i (A1 − A4), C3 = A2 + A3, C4 = i (A2 − A3) (5.69)

The constants can be determined by applying the boundary conditions on the general solution. The beam
is assumed to be infinitely long so the deflection must be equal to zero at an infinite distance. This results
in constants C1 and C2 being zero because eλ has to be zeroed out. The other two constants can be found
by applying the concentrated load F at x = 0 and because of symmetry the rotation of the beam d w

d x has to
be equal to zero at x = 0 as well. Both of these conditions result in the other two constants being C3 = C4 =
Fλ/kr i b . Now all the constants are known the solution for the problem that was considered is as shown in
equation 5.70.

w(x) = Fλ

kr i b
e−λx [cos(λx)+ sin(λx)] (5.70)

The equation above generates half of a shape that will be used to describe the distribution of the concentrated
load along the longitudinal axis of the composite slab, which is along the rib. Equation 5.70 is applied from
x = 0 to x =∞ and this curve is then mirrored along the w axis to create the desired shape of the deflection.
In this formula the load F determines only the amplitude of the deflection diagram and not the shape. The
shape of the deflection diagram when plotted looks as displayed in figure 5.34.
The curve above has a nice clock shape but does not level out by converging on the x-axis. Instead it crosses
the x-axis once and then converges back towards the x-axis. The second part of the curve is not useful for
modelling the distribution and thus will not be analysed any further. Converting the clock-shaped part of
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Figure 5.34: The shape of the deflection diagram of a beam on an elastic foundation, which is used to model the distribution of the
concentrated load along the axis of the ribs. The stress block with the same area as the graph from centre until it crosses the x-axis is

also displayed.

this graph into an distributive length is done in the same manner as it was done for the distributive width.
The area underneath the deflection curve between the two root values is calculated. This area is then divided
by 75% of the maximum deflection of the curve. From this calculation the distributive length Le f f follows.
The deflection curve cuts the x-axis at a value of x =π/1.35λ The exact formulation is shown in equation 5.71.
It has to be noted that in case the distributive width spans more than a single rib, the stiffness of the elastic
foundation should be increased. This is because the top slab is then carried not by a single rib any more, but
several.

Ldi s = 2×

0∫
− π

1.35λ

w(x)

0.75×w0
(5.71)

With the equation from above it is possible to determine the distributive length of the top slab when the
distributive width is already known.

Obtaining a solution
Now that calculation methods for both the distributive length and the distributive width have been estab-
lished, a final solution for both parameters can be reached. The path that has to be followed was already
described at the start of this section. First a value for the distributive length has to be assumed. Then the
distribution of the concentrated load can be determined using the analytical model from which the value for
the distributive width can be calculated. Using this value a new value of the distributive length can be cal-
culated. This value can then be used to go through the entire process again, resulting in another distributive
length value. These steps have to be repeated until the value of the distributive length will not vary to a sig-
nificant degree any more. A solution for both distributive parameters is then acquired and a square area of
the composite slab that contributes towards resisting the concentrated load that is applied, see figure 5.35.

Figure 5.35: A schematic .
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5.3.3. ASSUMPTIONS MADE IN THE THREE-DIMENSIONAL MODEL
This section sums up the assumptions that where made during the inclusion of three-dimensional aspects
into the two dimensional model. Keeping a clear overview of the assumptions made is of importance because
the assumptions could be incorrect or oversimplifications that are just too large, which in turn effect the
behaviour of the model. The assumptions made are as follows.

1. The ribs act as simply supported beams acted upon by a concentrated load.

2. The bending stiffness of the ribs varies in steps. It has either a cracked or an uncracked bending stiff-
ness.

3. The output of the two-dimensional model in percentages per rib was converted into a continuous stress
curve.

4. The continuous stress curve was converted into an distributive width, by assuming a block of equal
stress with the same area as the curve.

5. The distributive length is modelled by assuming the top slab to be a beam on an elastic foundation.

6. The distributive width is overestimated because of the S-curve that is used over multiple ribs.

5.4. THE INFLUENCE OF THE PARAMETERS USED IN THE MODEL
The model has now been completely worked out. The next step is to examine what the magnitude of the
influence is of the different parameters that are being used in the model. This is valuable information to
know, since it will tell in what manner the model will react to a change in its parameters and thus also in
what way the modelled slab can be influenced by making these changes. Needless to say the influence of the
parameters on the distribution of the concentrated force is the main interest in this section. The examples put
up in this section are all loaded by the same load and have the same dimensions unless specified otherwise.
The parameters that are used by default are shown in table 5.13. The examples in this section are meant to
highlight the influence of all different parameters. It should also be mentioned that the distribution of the
load can be observed by looking at the deflection of the beam at the location of a rib. Since the more a rib’s
translation spring deflects, the more shear force is acting on this particular rib. Per parameter a comparison
of influence will be made by increasing the parameter by 25% and checking by what percentage the deflection
increases. Additionally, extreme values of the parameter in question can be used to find out which types of
mechanism to the model will tend to. This means that raising or decreasing a variable by a factor 10 might
yield additional insight or confirmation of a found trend.

Table 5.13: The parameters used in the model by default to make a comparison of the parameter influence.

Parameter Symbol Value Unit

Uncracked top slab bending stiffness E It s,uc 4.29×1011 N mm2

Negative cracked top slab bending stiffness E It s,cr,neg 1.90×1011 N mm2

Positive cracked top slab bending stiffness E It s,cr,pos 1.85×1011 N mm2

Inter-rib top slab length L 425 mm

Rib torsion resistance kt ,r i b 6.38×108 N mm/r ad

Concentrated load (rib A) Fa 30 kN

Translation spring stiffness (A-G) kr i b,A−G 2649 N /mm

Distributed load qk 0 kN /m2

Effective length Ldi s 500 mm

Effective width Bdi s 2150 mm

The model that will be used is a five rib model with varying top slab stiffness and rib rotation resistance,
see figure 5.36. Each time a parameter is studied, the model will be used several times. This is because the
assigned bending stiffness of the top slab has to reflect the moment diagram resulting from the load. This
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division of bending stiffness has to be found by running the model repeatedly until a stable solution has been
found. The same applies for the distributive length and distributive width. The values for both parameters
given in the table above are the values found for the default parameters that are used in this section.

Figure 5.36: The five model rib model that is used for the parameter analysis.

The parameters that will be analysed in this section are the following.

• Vertical translation spring stiffness kr i b

• Positive top slab bending stiffness E It s,pos

• Negative top slab bending stiffness E It s,neg

• Rotation spring stiffness kt ,r i b

• Inter-rib span length L

• The rib span length Lr i b

All these input parameters can be varied according to the users desire. The other parameters such as the dis-
tributive length, distributive width and the cracking moment of the top slab are results of these main param-
eters. The span length of the ribs is not a direct model parameter but the vertical translation spring stiffness
is directly influenced by the rib span length. The span length is in practise a very important parameter and
knowing the influence it has on the behaviour exhibited by the composite plate is vital. The diagram that
will be used to compare the results of the variables mentioned above is that of the deflection of the top slab.
The deflection diagram resulting out of the default variables is shown in figure 5.37. In this graph the green
vertical lines represent the location of a transition between two areas of varying bending stiffness. The blue
vertical lines indicate the location of a rib.

Figure 5.37: The deflection curve given by the model when the default variables are used as input. The green lines represent the
boundaries between varying bending stiffness fields and the blue lines the locations of a rib.

The comparison will be made by examining the deflection of the curve at the location of the central rib.
The relative change of deflection will give an indication of the size of the influence a parameter has on the
distribution across the rib. The percentage of the load that is carried per rib will also be given. The results of
the default variables are shown in table 5.14.
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Table 5.14: The output from the model when the default values of the variables are used..

Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable - - - - - -

Change - - - - - -

5.4.1. THE VERTICAL TRANSLATION SPING STIFFNESS
The translation spring stiffness coefficient is directly derived from the bending stiffness of the ribs and the
composite slab span length. The spring stiffness could be increased by reducing the slab span length or
by increasing the bending stiffness of the ribs. Doing the opposite will of course lower the spring stiffness
instead.

Increased translation spring stiffness
It is expected that if the translation spring coefficient is increased, the load will distribute less when compared
to the default case. The stiffness of the top slab with respect to the translation springs will tend more towards
the scenario of an infinitely stiff beam supported on springs. When the spring stiffness is increased by 25%
the deflection diagram resulting from the model will look as depicted in figure 5.38. The raised value of the
translation spring stiffness kr i b is now taken as 3311.25N /mm.

Figure 5.38: The deflection curve given by the model when the translation spring stiffness value is raised by 25% and used as input.

The corresponding values are shown in table 5.15.

Table 5.15: The output from the model when the increased values of the translation spring stiffness are used.

krib = 3311.25 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 2.87 3.51
(11.71)

6.73
(22.43)

9.51
(31.70)

6.73
(22.43)

3.51
(11.71)

Change -0.51 (-15.1) -0.38
(-1.27)

0.10
(0.34)

0.56
(1.85)

0.10
(0.34)

-0.38
(-1.27)

The shape of the deflection curve does not change visibly, but the deflection along the entire curve decreases
somewhat due to the increased spring stiffness. Also the load is concentrated slightly more in the central
three ribs. If the spring stiffness is now raised to ten times its normal value, the curve in figures 5.39 is found.
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Table 5.16 confirms the expectation that the stress from the concentrated load is further concentrated to the
middle of the slab and less distributed. The overall deflection also decreases drastically due to the increased
stiffness of the springs.

Figure 5.39: The deflection curve given by the model when the translation spring stiffness coefficient is multiplied by ten.

Table 5.16: The output from the model when strongly increased values of the translation spring stiffness are used.

krib = 26490 [1000%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 0.65 -0.38
(-1.27)

6.83
(22.77)

17.10
(56.99)

6.83
(22.77)

-0.38
(-1.27)

Change -2.73 (-80.8) -4.28
(-
14.25)

0.20
(0.68)

8.14
(27.14)

0.20
(0.68)

-4.28
(-
14.25)

Decreased translation spring stiffness
Now the translation spring stiffness is lowered by 25% instead. It is the expectation that conversely to the
increased load concentration that was found when increasing the stiffness, the load will distribute more over
the width of the model. The model will tend towards a relatively strong beam supported by weaker springs
which is able to distribute the force better than when the beam is relatively weak. The deflection curve in
figure 5.40 and the corresponding results table 5.17 are found.

Figure 5.40: The deflection curve given by the model when the translation spring stiffness coefficient is reduced by 25%.

The concentrated load is indeed distributed more evenly over the ribs in the model than was the case in the
default configuration. The deflection also increases because of the overal stiffness reduction of the transla-
tion springs. The shape of the deflection curve still remains the same at a glance as the default curve. Now
the effect of lowering the spring coefficient to 10% of its original value will be observed. The deflection will
obviously increase greatly, but the main point of interest is the shape of the deflection curve. It is expected



56 5. ANALYTICAL MODELLING

Table 5.17: The output from the model when the reduced values of the translation spring stiffness are used.

krib = 1986.75 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 4.19 4.36
(14.43)

6.51
(21.69)

8.33
(27.76)

6.51
(21.69)

4.36
(14.43)

Change 0.81 (24.0) 0.47
(1.55)

-0.12
(-0.40)

-0.63
(-2.09)

-0.12
(-0.40)

0.47
(1.55)

the that the beam will behave more stiffly and distribute the load even more evenly across all the ribs. The
results are shown in figure 5.41 and table 5.18.

Figure 5.41: The deflection curve given by the model when the translation spring stiffness coefficient is reduced by 90%.

Table 5.18: The output from the model when the strongly decreased values of the translation spring stiffness are used.

krib = 246.9 [10%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 24.10 5.72
(19.07)

6.09
(20.29)

6.39
(21.29)

6.09
(20.29)

5.72
(19.07)

Change 20.72 (613.0) 1.83
(6.09)

-0.54
(-1.80)

-2.57
(-8.56)

-0.54
(-1.80)

1.83
(6.09)

As expected the deflection is increased greatly, but apart from that the beam also distributes the load very
evenly over the width of the model now. It is almost as if the beam is infinitely stiff and is distributing the load
evenly across all ribs.

5.4.2. THE POSITIVE TOP SLAB BENDING STIFFNESS

The positive bending stiffness of the top slab is the next parameter to be analysed. This parameter is impor-
tant to the model because the addition or removal of the bottom reinforcement mesh in the top slab greatly
affects the positive bending stiffness of the top slab. This is while assuming that the top flange of the steel
profiled deck does not contribute to the bending stiffness. Removing the bottom mesh will then reduce the
positive bending stiffness of the top slab. Therefore finding the size of the influence of this parameter is cer-
tainly important.
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Increased positive top slab bending stiffness
First the positive bending stiffness is raised by 25% and 900% respectively. It is expected that the higher
stiffness will result in greater spread of the load along the width of the model. The results are shown in figures
5.42 and 5.43 and in tables 5.19 and 5.19 respectively.

Figure 5.42: The deflection curve given by the model when the top slab positive bending stiffness coefficient is raised by 25%.

Table 5.19: The output from the model when the increased values of the positive top slab bending stiffness are used.

EITS,pos = 2.31×1011 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.21 4.00
(13.34)

6.64
(22.13)

8.72
(29.06)

6.64
(22.13)

4.00
(13.34)

Change -0.17 (-5.0) 0.11
(0.36)

0.01
(0.04)

-0.24
(-0.79)

0.01
(0.04)

0.11
(0.36)

It is indeed observed that the load is distributed somewhat more than is the case with the default values.
The effect is less pronounced however than when the translation spring stiffness was adjusted. This might be
because the bending stiffness of only those parts of the top slab that are loaded by a positive bending moment
larger than the cracking moment are affected. When the translation spring stiffness is adjusted, the relative
bending stiffness of the entire top slab is affected by this, instead of only parts of it.

Figure 5.43: The deflection curve given by the model when the top slab positive bending stiffness coefficient is raised by 900%.

With the extreme value of the top slab positive bending stiffness the load is distributed even more along the
width of the model. Also a larger part of the slab is now affected because the stiffer top slab parts attract more
moment and cause the adjacent top slab parts also to be acted upon by a positive bending moment. But still
the changes in the model output are not as large as those when the translation spring stiffness was increased.
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Table 5.20: The output from the model when the strongly increased values of the positive top slab bending stiffness are used.

EITS,pos = 1.85×1012 [1000%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 2.60 5.23
(17.42)

6.33
(21.11)

6.80
(22.65)

6.33
(21.11)

5.23
(17.42)

Change -0.78 (-23.1) 1.33
(4.44)

-0.29
(-0.98)

-2.16
(-7.20)

-0.29
(-0.98)

1.33
(4.44)

decreased positive top slab bending stiffness
Now the top slab positive bending stiffness lowered by 25% and 90% respectively. Contrary to when the bend-
ing stiffness was increased, the expectation is now that the load is concentrated more than with the default
values. The results are shown in figures 5.44 and 5.44 and in tables 5.22 and 5.22 respectively.

Figure 5.44: The deflection curve given by the model when the top slab positive bending stiffness coefficient is decreased by 25%.

Table 5.21: The output from the model when the decreased values of the positive top slab bending stiffness are used.

EITS,pos = 1.39×1011 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.51 3.71
(12.38)

6.64
(22.13)

9.29
(30.97)

6.64
(22.13)

3.71
(12.38)

Change 0.13 (3.8) -0.18
(-0.60)

0.01
(0.04)

0.34
(1.12)

0.01
(0.04)

-0.18
(-0.60)

When the positive bending stiffness is lowered by 25%, the load indeed concentrates somewhat more on the
centre of the model.
The extremely low value of the positive bending stiffness further concentrates the load to the central three
ribs. The sections of the top slab that are being acted upon by a positive bending moment are smaller and
solely concentrated around the centre rib. This means that the weakened positive bending is acting as a type
of plastic hinge, thus producing this deflection curve.



5.4. THE INFLUENCE OF THE PARAMETERS USED IN THE MODEL 59

Figure 5.45: The deflection curve given by the model when the top slab positive bending stiffness coefficient is decreased by 90%.

Table 5.22: The output from the model when the strongly decreased values of the positive top slab bending stiffness are used.

EITS,pos = 1.85×1010 [10%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 4.28 2.90
(9.67)

6.43
(21.43)

11.35
(7.82)

6.43
(21.43)

2.90
(9.67)

Change 0.90 (26.6) -0.99
(-3.31)

-0.20
(-0.66)

2.39
(7.97)

-0.20
(-0.66)

-0.99
(-3.31)

5.4.3. THE NEGATIVE TOP SLAB BENDING STIFFNESS
The negative bending stiffness of the top slab is not influenced in the same amount by the addition or removal
of the bottom reinforcement mesh. The top reinforcement mesh contributes 40 times more to the negative
bending stiffness than the bottom mesh. The top mesh is in practice always present, but for the sake of
completion and curiosity its influence will be analysed regardless.

Increased negative top slab bending stiffness
First of all the negative bending stiffness of the top slab will be raised by 25% and 900% respectively to 2.38×
1011 and 1.9×1012. The parts of the top slab that are acting under a negative bending moment will become
stiffer and attract more forces. Therefore it is expected that the load distribution will again improve, but this
is only true for the parts of the top slab that are in negative bending. So the effect should be smaller again
than was the case for the translation spring coefficient. The effect may be also be smaller than it was for the
change of the positive bending stiffness, because a smaller part of the top slab is acting in negative bending
than positive bending. The results of the two increases in value are shown in figures 5.46 and 5.47 and in
tables 5.23 and 5.24 respectively.

Figure 5.46: The deflection curve given by the model when the top slab negative bending stiffness coefficient is increased by 25%.

There is a very slight change in the distribution of the concentrated load, but the change is almost insignifi-
cant. The total deflection of the curve is also not affected.
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Table 5.23: The output from the model when the increased values of the negative top slab bending stiffness are used.

EITS,neg = 2.38×1011 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.38 3.90
(13.01)

6.62
(22.08)

8.94
(29.81)

6.62
(22.08)

3.90
(13.01)

Change 0.0 (0.0) 0.01
(0.03)

0.00 (-
0.00)

-0.01
(-0.04)

0.00 (-
0.00)

0.01
(0.03)

Figure 5.47: The deflection curve given by the model when the top slab negative bending stiffness coefficient is increased by 900%.

When the negative bending stiffness is increased by a factor ten, the effect becomes more noticeable, but the
effect is still very small compared to the parameters considered previously.
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Table 5.24: The output from the model when the strongly increased values of the negative top slab bending stiffness are used.

EITS,neg = 1.85×1012 [1000%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.34 (13.22) (22.47) (29.45) (22.47) (13.22)

Change -0.04 (-1.2) 0.07
(0.24)

0.11
(0.38)

-0.12
(-0.40)

0.11
(0.38)

0.07
(0.24)

Decreased negative top slab bending stiffness
Now the negative bending stiffness of the top slab is reduced by 25% and 90% respectively. The load will be
concentrated more towards the centre. But since the effect was so small when the values were increased, it is
expected that decreasing them will have an effect with a similar size. The results of the two decreases in value
are shown in figures 5.48 and 5.49 and in tables 5.25 and 5.26 respectively.

Figure 5.48: The deflection curve given by the model when the top slab negative bending stiffness coefficient is decreased by 25%.

Table 5.25: The output from the model when the decreased values of the negative top slab bending stiffness are used.

EITS,neg = 1.43×1011 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.39 3.88
(12.93)

6.63
(22.10)

8.90
(29.95)

6.63
(22.10)

3.88
(12.93)

Change 0.01 (0.3) -0.02
(-0.05)

0.00
(0.00)

-0.06
(0.20)

0.00
(0.00)

-0.02
(-0.05)

The effect is slightly larger when the negative bending stiffness value is lowered by 25% than when it was
raised. This might by due to the fact that the relative change of the value form 100% to 75% is larger than it
was from 100% to 125%. But nonetheless it is still an almost negligible change of the output.
When the negative bending stiffness is lowered to 10% of its original value the parts of the top slab that are
acting with a negative cracked bending stiffness become very small. Reducing the values even more would
result in this parts of the slab starting to act as plastic hinges. The deflection is increased a little and the load
is concentrated more towards the centre of the model, as was already the case when the stiffness was only
slightly reduced, but now the effect is more pronounced.
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Figure 5.49: The deflection curve given by the model when the top slab negative bending stiffness coefficient is decreased by 90%.

Table 5.26: The output from the model when the strongly decreased values of the negative top slab bending stiffness are used.

EITS,neg = 1.85×1010 [10%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.46 3.82
(12.72)

6.61
(22.02)

9.16
(30.52)

6.61
(22.02)

3.82
(12.72)

Change 0.08 (2.4) -0.08
(-0.26)

-0.02
(-0.07)

0.20
(0.67)

-0.02
(-0.07)

-0.08
(-0.26)

5.4.4. THE ROTATION SPRING STIFFNESS
The next parameter to be analysed is the rotation spring stiffness. This coefficient determines how strong
the torsion resistance of the ribs is in the model. Since it is still unclear whether or not the torsion resistance
of the ribs is actually contributing to the distribution of the load in any way, it is vital that this parameter is
analysed as well. Then a better understanding of the model output when this parameter is changed will be
obtained.

Increased rotation spring stiffness
First of all the rotation spring stiffness of the top slab will be raised by 25% and 900% respectively to 7.98×108

and 6.38×109. This stiffness coefficient increase move the model closer towards the end situation where the
model could be represented by separate clamped beams connected to one and another. In this situation the
beam would behave stiffly and thus the distribution should improve when the rotation stiffness is increased.
The results of the two increases in value are shown in figures 5.50 and 5.51 and in tables 5.27 and 5.28 respec-
tively.

Figure 5.50: The deflection curve given by the model when the rotation spring coefficient is increased by 25%.

Indeed as expected the load is distributed more evenly over the with of the beam, although the effect is not
quite as strong as with the translation spring coefficient it is still stronger than if the bending stiffnesses of the
top slab are increased or decreased.
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Table 5.27: The output from the model when the increased values of the rotation spring coefficient are used.

krt = 7.98×108 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.30 4.10
(13.67)

6.53
(21.78)

8.73
(29.10)

6.53
(21.78)

4.10
(13.67)

Change -0.08 (-2.4) 0.21
(0.69)

-0.09
(-0.31)

-0.23
(-0.75)

-0.09
(-0.31)

0.21
(0.69)

Figure 5.51: The deflection curve given by the model when the rotation spring coefficient is increased by 25%.

With the tenfold increase of the rotation stiffness coefficient of the ribs a clear change in the deflection curve
is now visible. At the locations of the ribs the deflection curve straightens out a little, as if the top slab was
clamped in that location. This can be found as well in the distribution of the load. The load is distributed
much more evenly across the width of the model.
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Table 5.28: The output from the model when the strongly increased values of the rotation spring coefficient are used.

krt = 6.38×109 [1000%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 2.76 5.30
(17.68)

6.04
(20.13)

7.31
(24.37)

6.04
(20.13)

5.30
(17.68)

Change -0.62 (-18.3) 1.41
(4.70)

-0.59
(-1.96)

-1.64
(-5.48)

-0.59
(-1.96)

1.41
(4.70)

Decreased rotation spring stiffness
Now the rotation stiffness coefficient is reduced by 25% and 90% respectively to 4.79× 108 and 6.38× 107.
Instead of acting more like clamped beams, the reduction of the rotation stiffness will make the top slab
act more like a continuous beam without restrictions at the locations of the ribs. The load should therefore
distribute less towards the sides of the model. The results of the two decreases in value are shown in figures
5.52 and 5.53 and in tables 5.29 and 5.30 respectively.

Figure 5.52: The deflection curve given by the model when the rotation spring coefficient is decreased by 25%.

Table 5.29: The output from the model when the decreased values of the rotation spring coefficient are used.

krt = 4.79×108 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 3.50 3.59
(11.96)

6.77
(22.57)

9.28
(30.94)

6.77
(22.57)

3.59
(11.96)

Change 0.12 (3.6) -0.31
(-1.02)

0.14
(0.48)

0.33
(1.09)

0.14
(0.48)

-0.31
(-1.02)

Reducing the rotation stiffness coefficient has the effect of concentrating the load more towards the centre of
the model. The deflection is also slightly increased.
After decreasing the rotation stiffness of the ribs even further it appears as though the top slab is now acting
as a continuous beam. The ribs hardly resist rotation anymore and a larger part of the top slab is subject to a
positive bending moment instead of a negative one. The top slab deflects a significant amount more as well
and the load is now almost completely restricted to the central three ribs.



5.4. THE INFLUENCE OF THE PARAMETERS USED IN THE MODEL 65

Figure 5.53: The deflection curve given by the model when the rotation spring coefficient is decreased by 90%.

Table 5.30: The output from the model when the strongly decreased values of the rotation spring coefficient are used.

krt = 6.38×107 [10%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 4.23 1.88
(6.25)

7.52
(25.07)

11.21
(37.36)

7.52
(25.07)

1.88
(6.25)

Change 0.85 (25.10) -2.02
(-6.73)

0.89
(2.98)

2.25
(7.51)

0.89
(2.98)

-2.02
(-6.73)

5.4.5. THE LENGTH OF THE INTER-RIB TOP SLAB SECTIONS
The final parameter that will be analysed in this section is the length of the intermediate parts of the top slab
that are located between the ribs. This parameter is unlikely to change because it cannot be influenced by
adding or removing reinforcement or using different concrete classes, but is instead a global dimension of the
steel profiled deck plate. It is still useful to know its influence though. Because this will tell what the benefits
or draw backs would be when a different steel deck type is selected where the ribs have a different spacing.

Increased inter-rib top slab length
First of all the inter-rib length of the top slab will be increased by 25% and 900% respectively to 531.25 and
4250. Increasing the length of the top slab in between the ribs will effectively make the top slab less stiff, so
it is expected to see a similar result as when the bending stiffness of the top slab was lowered, but since the
entire top slab is now affected the effect might be larger. The results of the two increases in value are shown
in figures 5.54 and 5.55 and in tables 5.31 and 5.32 respectively.

Figure 5.54: The deflection curve given by the model when the inter-rib top slab length is increased by 25%.

The effect of increasing the length between the ribs is rather large compared to the influence the other param-
eters have and comparable with the effect that the translation spring coefficient has. This can be explained
through the fact that in the model calculation the length between the ribs is always present when to the power
two or three or even four. Thus even small changes in this values will quickly add up to large changes in the
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Table 5.31: The output from the model when the increased values of the inter-rib top slab length are used.

L = 538.25 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 4.00 2.92
(9.72)

6.79
(22.62)

10.60
(35.32)

6.79
(22.62)

2.92
(9.72)

Change 0.62 (18.3) -0.98
(-3.26)

0.16
(0.53)

1.64
(5.47)

0.16
(0.53)

-0.98
(-3.26)

model output.

Figure 5.55: The deflection curve given by the model when the inter-rib top slab length is increased by 900%.

Table 5.32: The output from the model when the strongly increased values of the inter-rib top slab length are used.

L = 4250 [1000%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 10.96 -0.10
(-0.34)

0.58
(1.94)

29.04
(96.80)

0.58
(1.94)

-0.10
(-0.34)

Change 7.58 (224.3) -4.00
(-
13.32)

-6.05
(-
20.15)

20.09
(66.95)

-6.05
(-
20.15)

-4.00
(-
13.32)

The changes in the deflection curve are now quite excessive. The load is almost completely concentrated on
the central rib and the deflections are very large. This is again the result of the length between the ribs being
calculated in two, three or four powers in the model calculation.

Decreased inter-rib top slab length
Now the rotation stiffness coefficient is reduced by 25% and 90% respectively to 318.75 and 42.5. Contrary
to what was observed when the length was increased, the distribution should now become better and the
deflection should decrease. This is for the same reason as before, the length is present in the calculations
to the power two, three and four and this causes the changes to become very large. The results of the two
decreases in value are shown in figures 5.56 and 5.57 and in tables 5.33 and 5.34 respectively.
As expected the distribution of the load is increased by a fair amount when the length between the ribs is
decreased by 25%. The deflection is also significantly decreased.
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Figure 5.56: The deflection curve given by the model when the inter-rib top slab length is decreased by 25%.

Table 5.33: The output from the model when the decreased values of the inter-rib top slab length are used.

L = 318.75 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 2.89 4.82
(16.05)

6.38
(21.28)

7.60
(25.33)

6.38
(21.28)

4.82
(16.05)

Change -0.49 (-14.5) 0.92
(3.07)

-0.24
(-0.81)

-1.36
(-4.52)

-0.24
(-0.81)

0.92
(3.07)

Further reducing the length of the top slab in between the ribs results in the top slab becoming very short and
very stiff. The top slab now reacts as though it was a continuous infinitely stiff beam which distributes the
load almost completely evenly across the five ribs.
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Figure 5.57: The deflection curve given by the model when the inter-rib top slab length is decreased by 90%.

Table 5.34: The output from the model when the strongly decreased values of the inter-rib top slab length are used.

L = 42.5 [10%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 2.27 5.99
(19.98)

6.00
(20.00)

6.01
(20.02)

6.00
(20.00)

5.99
(19.98)

Change -1.11 (-32.8) 2.10
(7.00)

-0.63
(-2.09)

-2.95
(-9.83)

-0.63
(-2.09)

2.10
(7.00)

5.4.6. THE RIB SPAN LENGTH
The last parameter to be analysed is the span length of the ribs. This parameter is not directly imputed into
the analytical model, but it influences the stiffness of the translation springs. In fact the influence the span
length influences the translation spring stiffness to such a degree that increasing it by ten times or decreasing
it by that much results in very extreme values. Because of that this parameter will only be analysed for a 25%
increase and decrease.

Increased rib span length
First of all the span length is increased from 5.40 meter to 6.75 meter. This results in the increase of the
translation spring stiffness 1512.1 N/mm. This decrease in translation spring stiffness will yield similar results
as seen in the translation spring section. The results of increase in value is shown in figures 5.58 and in the
table 5.35 respectively.

Figure 5.58: The deflection curve given by the model when the rib span length is increased by 25%.

Indeed as expected the load is distributed more evenly over the with of the beam. The effect is even stronger
than when the translation spring stiffness is reduced, since the resulting spring stiffness value from increasing
the rib span length is actually lower.
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Table 5.35: The output from the model when the increased value of the rib span length is used.

Lspan = 6750 [125%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 5.19 4.67
(15.55)

6.41
(21.36)

7.85
(26.17)

6.41
(21.36)

4.67
(15.55)

Change 1.81 (53.6) 0.77
(2.57)

-0.22
(-0.73)

-1.10
(-3.68)

-0.22
(-0.73)

0.77
(2.57)

Decreased rib span length
Now rib span length is reduced by 25% to 4.05 meter. Now the span length is reduced the translation spring
stiffness is increased to 7020.8 N/mm which changes the ratio between the stiffnesses of the translation
springs and the top slab so that the load will be concentrated more towards the centre rib. The results of
increase in value is shown in figures 5.59 and in the table 5.36 respectively.

Figure 5.59: The deflection curve given by the model when the rib span length is decreased by 25%.

Table 5.36: The output from the model when the decreased values of the rotation spring coefficient are used.

Lspan = 4050 [75%] Load per rib [kN (%)]

Deflection at
rib A [mm]

Rib E Rib C Rib A Rib B Rib D

Default values 3.38 3.89
(12.98%)

6.63
(22.09%)

8.96
(29.85%)

6.63
(22.09%)

3.89
(12.98%)

Values with changed variable 1.68 2.04
(6.80)

7.05
(23.50)

11.82
(39.39)

7.05
(23.50)

2.04
(6.80)

Change -1.70 (-50.3) -1.85
(-6.18)

0.42
(1.41)

2.86
(9.54)

0.42
(1.41)

-1.85
(-6.18)

Reducing the rib span length has the effect of concentrating the load more towards the centre of the model.
The deflection is also increased significantly.

5.4.7. CONCLUSION ON PARAMETER SENSITIVITY
Now that the parameters above have be analysed for their influence on the distribution and the deflection
of the model, it is time for them to be compared to one and another. This comparison is useful because it
gives information on what parameter is best changed if a different model output is required. It also gives
information on what is likely to change in the output if one of the parameters is changed or is in reality
different from what was assumed when making predictions about the results of the experiments for example.
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The best way to compare the influence of the analysed parameters is to compare the relative changes to the
default output. For that purpose these values are all gathered and shown in table 5.37.

Table 5.37: This table shows all the changes in model output compared to the default output that are caused by changes in the values of
the different parameters. All parameters are increased by 25% except for the rib span length which is decreased instead.

Parameter and parameter change Relative
deflection
change [%]

Load change per rib [kN (%)]

Parameters Rib A Rib E Rib C Rib A Rib B Rib D

+25% Translation spring stiff-
ness coefficient kr i b

-0.51 (-15.1) -0.38
(-1.27)

0.10
(0.34)

0.56
(1.85)

0.10
(0.34)

-0.38
(-1.27)

+25% Positive top slab bend-
ing stiffness E IT S,pos

-0.17 (-5.0) 0.11
(0.36)

0.01
(0.04)

-0.24
(-0.79)

0.01
(0.04)

0.11
(0.36)

+25% Negative top slab bend-
ing stiffness E IT S,neg

0.0 (0.0) 0.01
(0.03)

0.00
(0.00)

-0.01
(-0.04)

0.00
(0.00)

0.01
(0.03)

+25% Rib rotation stiffness
coefficient kr t

-0.08 (-2.4) 0.21
(0.69)

-0.09
(-0.31)

-0.23
(-0.75)

-0.09
(-0.31)

0.21
(0.69)

+25% Inter-rib length L 0.62 (18.3) -0.98
(-3.26)

0.16
(0.53)

1.64
(5.47)

0.16
(0.53)

-0.98
(-3.26)

-25% Rib span length Lspan -1.70 (-50.3) -1.85
(-6.18)

0.42
(1.41)

2.86
(9.54)

0.42
(1.41)

-1.85
(-6.18)

From the table above it can be seen that adjusting the negative bending stiffness of the top slab has a negligi-
ble effect on the distribution and the deflection. The positive bending stiffness and the rib rotation stiffness
both have an influence with the same order of magnitude. The positive bending stiffness is more effective at
decreasing the deflection at the point of load introduction at rib A, while the rib rotation stiffness influences
the distribution to the outer ribs to a larger degree. This is due to the fact that the positive bending stiffness
is only applied at the centre of the model. This can be found while studying the moment diagram. In figure
5.60 the moment diagram of the default model has been given. Increasing the rib rotation stiffness of the
positive bending stiffness by 25% does not alter the shape of this moment diagram. Thus it is seen that only
at the centre of the model the bending moment exceeds the cracking moment needed to cause the top slab to
crack. An increase in positive bending moment will therefore only affect this area. While, on the other hand,
the increase of the rib rotation stiffness affects all the five ribs of the model and increases the distribution
towards the outer ribs more. And lastly changing the rib span length has the largest influence on the model
output since it has a larger than linear effect on the translation spring coefficient.
Again in figure 5.60 it can also be seen that only a very small part of the model is actually using the negative
bending stiffness value. This also explains why the this value has so little influence on the results of the model.
The effect the negative bending stiffness has on the output could only be increased if the rotation stiffness of
the ribs increases to such a degree that a larger part of the model acts in negative bending moment than in a
positive bending moment. This only occurs when the rib rotation stiffness is multiplied by a factor 4 to 5.

Figure 5.60: The moment diagram of the model while using the default values. The vertical green lines indicate the field separators, the
vertical blue lines the locations of the ribs and the horizontal grey lines the height of the cracking moment.

The parameters that influence the output of the model in the largest way are the translation spring stiffness



5.5. OVERVIEW OF ASSUMPTIONS AND CONCLUSIONS ON THE ANALYTICAL MODELLING OF THE COMPOSITE

SLAB 71

coefficient and the inter-rib top slab length. The inter-rib length has a larger effect on both the deflection
at rib A and the distribution of the load to the outer ribs, but ultimately this parameter is less interesting in
this thesis because it can only be adjusted by choosing a different type of steel profiled deck with a different
rib spacing. The translation spring stiffness coefficient on the other hand can be influenced by choosing a
different concrete strength class or by increasing the height of the concrete cover on top of the steel deck.
Because the bending stiffness of the ribs and the translation spring coefficient in the model are directly related
an increase of 25% in the translation spring coefficient would correspond to a 25% increase in the rib bending
stiffness as well. Getting the bending stiffness of the rib to increase is not easily done, but the effects on the
distribution and the deflection are the largest relative to the change of the other parameters.

5.5. OVERVIEW OF ASSUMPTIONS AND CONCLUSIONS ON THE ANALYTICAL MOD-
ELLING OF THE COMPOSITE SLAB

The analytical model that has been created in this chapter will be used for the remainder of this thesis. As it
is a model it will never give a perfect reflection of reality, but the aim is to give a reasonably close estimation.
This will be verified by performing laboratory experiments and by using a FEM model to get similar results.
It is important to keep a clear overview of what assumptions have been made while constructing this model
because these assumptions can influence the behaviour and output of the model. So in this section a sum-
mary of the assumptions that were made are given divided into three subjects: model set-up, material prop-
erties and model parameters.

Model set-up

1. The ribs are able to rotate but translation is restricted to the vertical direction

2. The concentrated loads are applied at the centre of each rib.

3. The ribs are modelled as points to which the properties of the ribs are applied.

4. The top slab is modelled as a continuous beam, supported by the ribs.

Material properties

1. The concrete is not able to bear any tensile stresses.

2. The Young’s modulus of any cracked concrete in the cross-section of either the ribs or the top slab is
assumed to be equal to one third of the Young’s modulus of the uncracked concrete.

3. The top flange of the steel of the profiled steel deck is assumed not to contribute to the strength and
stiffness of the top slab in the longitudinal and transverse directions.

4. For the calculation of the rib properties, the effective steel cross-section was used.

Model parameters

1. The ribs are considered as simply supported beams which are acted upon by a concentrated load at a
distance a. The stiffness coefficient is derived from this model.

2. The bending stiffness of the ribs in that modelling varies in two steps: cracked and uncracked. Where
the interface of these two steps is located depends on the cracking moment of the ribs.

3. The three-dimensional effect of the steel-concrete composite slab deflecting under the concentrated
load is broken up into an distributive length and distributive width parameter. These parameters are
found through iteration.

4. The distributive width and distributive length parameters are conversions of an continuous stress curve
into a stress block with an equal stress at every location.
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Conclusions
The model that was created is a simplification of what happens in reality. This is inescapable when construct-
ing models to make predictions about real structures. The value of a model should therefore be determined
by judging other properties. A good model should have the following traits:

• Accurate predictions of real structure behaviour

• Easy use and application of model results

• Model output is based on actual mechanical behaviour

About the accuracy of the model can, as of yet, no definite statements be made. The accuracy is to be tested
by comparing the model results to the results of the FEM model and the experiments that are performed in
the laboratory. Though the accuracy of the model is at the end the most important aspect, since an inaccurate
model would not be of much use, the evaluation of it will be done at a later point in this thesis.
The way in which the model works, is operated and how the output is used is also a very important aspect of
it. Since it becomes increasingly less attractive to use a model if the time and effort to operate it increase as
well. The input parameters of the model are, however, quite easily obtained and not many either. In order
to use the model only the bending stiffness of the slab and ribs, the span length, the load, the translation
stiffness coefficient, the rotation stiffness coefficient and the cracking moments are needed. These values
should be already known when doing calculations on these structures and otherwise they are easily obtained
through simple calculations.
The operation of the model is not as convenient as it could be though. Since the model consists of a large
matrix that has to be solved for the input parameters, a computer and a program capable of doing so are
required. Doing these calculations by hand is practically impossible. Apart from the required computer and
software, the operation itself is quite convenient though. The matrix should be solved maybe a few times be-
cause the interfaces of the bending stiffness areas need to be adjusted and optionally the distributive length
and width respectively. But all-in-all this does not take a large amount of time and it is not a difficult task
either.
The output of the model can be either a percentage of the load per rib if this is desired or an distributive width
over which the load is spread in the transverse direction. These outputs can then be used in further calcula-
tions without further need of converting or adjusting the information.
Despite several assumptions the model and model behaviour are based on actual mechanical behaviour. The
principles of the model itself are easily understood and adjusted to suit one’s personal needs. This is an ad-
vantage since the model can then be easily adjusted to suit a range of different situations, without the need
to do extensive further testing to prove its validity. Although proving that the model is accurate for multiple
situations will require testing and validation at first, these issues could then be avoided for future cases.
To conclude on what was said above, it seems possible that, given the model proves to be sufficiently accu-
rate, it could be a useful tool when examining transverse distribution of concentrated loads steel-concrete
composite slabs. The usage is not overly complicated, the model is based on mechanical principles and the
output can easily be used in further calculations. It therefore all depends on how accurate the model will
prove to be.
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NUMERICAL MODELLING

This section elaborates on the finite element model that was used to analyse the composite slab. The fi-
nite element program that was used to perform the analysis was TNO DIANA. An initial model was set up
by Myrsini Michalaki. That model was adapted to suit the exact boundary conditions as were used for the
analytical model and the laboratory experiments as well. The model was also adapted in order to perform
non-linear calculations instead of linear calculations. All of the items above and the material properties and
calculations methods are described in this chapter.

6.1. THE BASIC MODEL
This chapter describes the efforts of modelling the composite slab in a finite element modelling program
(FEM). The purpose of doing so is to gain additional insight in the behaviour of the composite slab prior to
executing the laboratory tests and to validate the analytical model. This is done in order to make a more
accurate prediction of the test results. So it has to be said that the role of the FEM model is fully supportive to
the analytical model and the laboratory tests. It is not the main goal of the thesis to construct a FEM model
of the composite slab, but it can nonetheless provide valuable information that can be used in the analytical
model and in making predictions about the test specimen behaviour. This chapter will make use of work
previously done by Myrsini Michalaki. She has already made a FEM model of the same composite slab, that is
being modelled in this thesis. This model is used as the basis of the model that is used to do the calculations
in this thesis.The overview of the chapter’s components is shown in figure 6.1.

Figure 6.1: The overview above shows the components of which chapter six is made up.

The FEM modelling of the composite slab will be done in the DIANA program which was developed by TNO
in the Netherlands. When modelling a structure, several types of analysis can be used. Two calculation types
that can be used in DIANA are the ’structural linear static’ and the ’structural non-linear’ calculations. The
linear static analysis method has as advantages that it takes less time to calculate the results of the modelling
than it does for a non-linear analysis. The disadvantage however is that the material properties are assumed
to be linear elastic and so the non-linear behaviour of cracking in concrete and yielding in steel are not in-
cluded. The non-linear analysis on the other hand takes longer to calculate, but the advantage is that the
non-linear aspects of the materials used can be included in the model. This gives a better representation of
the structural behaviour at higher loads when yielding and cracking will start to occur. If the time needed to
obtain a stable solution is still within an acceptable limit then it is certainly better to make use of the non-
linear model. The material properties that will be used for the calculations can be specified in a number of
ways. It is possible to let DIANA follow the conditions specified in material design codes such as the Eu-
rocode for concrete or steel or their American counterparts. On the other hand is it also possible to specify
the material properties manually. This means either entering the tabulated stress-strain diagram or choosing
a predefined modelling method for the material in question and providing numerical information about for
their limit values.
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Because this numerical model will be used to provide predictions about the laboratory experiments it will be
chosen not to follow the design codes already implemented in DIANA, since they make use of simplifications
such as an idealized stress-strain diagram which are well suited to a design approach but not for studying
actual material and structural behaviour. The exact modelling that is chosen will be discussed further on in
this chapter.

6.2. MODELLING APPROACH
As stated before the model that will be used for analysing the composite slab is the result of work done by
Myrsini Michalaki in her report ’Distribution of Concentrated Loads on simply supported Deep Composite
Slab ComFlor 210’. The general dimensions of the model are 2750 mm of length and 1500 mm of width as can
be seen in figure 6.2. These dimensions are half of the actual composite slab that is being analysed since the
FEM model contains only a quarter of the actual composite slab.

Figure 6.2: The general dimensions of the FEM model are shown in this figure.

The model consists of several components: the effective parts of the steel profiled deck, the concrete and
the reinforcement bars in the top slab and in the ribs. The effective steel profile that is used is similar to
the effective profile used in the analytical model, it has been reduced to the area that will contribute to the
bending moment resistance. The parts that do not contribute towards the bending moment stiffness don’t
do so because of the embossments that reduce the longitudinal stiffness of the steel plate. The effective steel
profile that is used is shown in figure 6.3 and a more detailed view of an actual deck and the reduced profile
are shown in figure 6.3. The model also includes a small block of elements at each support which has a
large stiffness. This was done to prevent large peak stresses from occurring at that locations. Even though
in reality these stiffer parts will not be there, the way in which the boundary conditions are implemented is
not completely truthful either. This will be expanded upon in the related paragraph. The model shows only
one quarter of the complete composite slab since through the use of symmetry and boundary conditions the
other parts will be mirrored copies of the part that is modelled. This approach also reduces the number of
elements drastically, thereby reducing the calculation time as well.

Figure 6.3: The effective area of the profiled steel deck that is used in the FEM calculations. The figure shows the two outer ribs and half
of the middle rib. Only the corners of the top flange and the bottom flanges are effective when the slab is loading in bending.

The steel profiled deck is modelled with the element type CQ40F, which is a quadrilateral iso-parametric
curved shell element with eight nodes. These elements are two dimensional but can have a certain thickness
that is, in this case, equal to the thickness of the steel profiled deck. The element in question is shown in
figure 6.5.



6.2. MODELLING APPROACH 75

(a) A cross-section of a ComFlor210 steel profiled
deck.

(b) The effective steel profile of a single ComFlor210
steel profiled deck plate.

Figure 6.4: The figures above show a cross-section of a ComFlor210 steel profiled deck and the modelled effective area that is used.

Figure 6.5: A Q20SH type element, which is used to the steel profiled deck. It is a two dimensional curved shell element.

The blocks of several elements with a higher stiffness at the supports (see white elements in figure 6.6) are
modelled with the CHX60 element type. This element type, see figure 6.7, is a twenty-node iso-parametric
solid block element and uses quadratic interpolation between the nodes. Elements with fewer nodes are not
very suitable for non-linear calculations due to the possibility of parasitic shear and volumetric locking. The
resulting stresses and strains in the stiff supports are not of interest though, because the only purpose of the
stiff blocks at the supports is to prevent peak stresses. Peak stresses could be introduced due to the fact that
the boundary conditions are applied to the single nodes in an edge instead of the whole edge model. The
concrete in the model is also modelled with CHX60 elements which have 20 nodes. This element type is a
three dimensional one and has nodes in the middle of the edges compared to the standard block element
HX24L which has only 8 nodes. This element type is better suited for non-linear calculations.

(a) A front view of the concrete elements in the FEM
model.

(b) A three-dimensional view of the concrete
elements in the FEM model.

Figure 6.6: The stiff supports are shown in white.
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Figure 6.7: A CHX60 element .

(a) Side 1. (b) side 2.

Figure 6.8: The concrete elements are shown in grey.

6.2.1. BOUNDARY CONDITIONS
The boundary conditions are very important because of the fact that only a quarter of the composite slab
is modelled. Therefore not only the boundary conditions of the real-life supports but also the symmetry
conditions have to be used.
The boundary condition of the composite slab is that the ribs at each end are restricted in the vertical direc-
tion but translation is allowed in the longitudinal and transverse direction. Rotation in also direction is also
allowed. The application of these conditions are shown in figure 6.9.
The symmetry conditions are as follows:

1. Along the face at x=1500 the nodes are restricted in translation in the transverse (y-axis) direction

2. Along the face at x=1500 the nodes are restricted in rotation around the x-axis.

3. Along the face at L=2750 the nodes are restricted in translation in the longitudinal (x-axis) direction

4. Along the face at L=2750 the nodes are restricted in rotation around the y-axis.

(a) The boundary conditions applied to the model.
The three ribs . (b) The symmetry conditions applied to the model.

Figure 6.9: The boundary and symmetry conditions.

6.2.2. APPLIED LOADS
There are two loads applied to the model:

1. The self-weight of the composite slab

2. The concentrated load at the centre of the slab

Both loads can be seen in figure 6.10.
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(a) The concentrated load is acting on a 175 mm x 175
mm area at the centre of the composite slab.

(b) The self-weight of the composite slab is acting as a
distributed load on the top faces of the elements all

across the top side of the model.

Figure 6.10: The loads that are applied to the model. Both loads are applied as distributed loads to the face of elements.

The concentrated load is placed at the centre of the composite slab in the middle of both the length and the
width of the slab. This is the main loading position in the analytical model as well. The concentrated load is
applied to a 175 mm x 175 mm area. In the FEM model only one quarter of this area can be seen in the model
since symmetry has been used to reduce the model to only a quarter of the complete slab.
These loads are applied in the following manner in the mode.

• The self-weight as a distributed load

• The concentrated load as an enforced deformation

It is chosen to apply the concentrated load as an enforced deformation to allow the model to go past the
formation of the first large crack during the calculation. If the load would be applied as a force instead then
the model would be unable to converge to a solution as soon as the first crack appeared.

6.2.3. MATERIAL PROPERTIES
The implementation of the material properties is of great importance since this will effect both the strength
and the stiffness of the components in the model. This section will elaborate on the way in which the material
properties of each of the components is applied.

CONCRETE

Concrete is a difficult material to model, because of the non-linear properties in both the compressive and
tensile branch of the stress-strain behaviour. There are multiple models which attempt to simulate the con-
crete for both the compressive and tensile behaviour of concrete. In this paragraph the model type that is
used for both sides of the stress-strain curve are explained.
It is also possible to use codes, like the Eurocode, Japanese or American concrete codes, but it is chosen not
to do this since it is not clear what properties will be appointed to the concrete when this is done.

Compressive behaviour
For modelling the compressive behaviour of the concrete there are several models available in DIANA, these
are the following:

• Bi-linear

• Parabola rectangular

• Parabolic

• Thorenfeldt

• Manual input

The diagrams associated with the models are shown in figure 6.11.
It was chosen to use the parabolic stress-strain diagram to model the compressive behaviour of the concrete
as this is preferred by guidelines set up for non-linear analysis by the Dutch Government ([15]).
The parabolic curve is governed by the formulas shown in equation 6.1.
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(a) The bi-linear
stress-strain diagram.

(b) The
parabolic-rectangular
stress-strain diagram.

(c) The parabolic
stress-strain diagram.

(d) The Thorenfeldt
stress-strain diagram.

Figure 6.11: The stress-strain diagrams related to the available models.
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In the formulas denoting the parabolic nature of the stress-strain diagram α j represents the compressive
strain in the concrete and the limit values used in the formulas are as follows:

• αc/3 = 1
3

fc
E

• αc = 5α)c/3

• αu =αc − 3
2

Gc
he fc

With fc being the mean concrete compressive strength, E the mean young’s modulus of the concrete and Gc

the compressive fracture energy which is equal to 250 times GF , the fracture energy.

Tensile behaviour
The tensile behaviour also has multiple models that can be used in DIANA:

1. Exponential softening

2. Hordijk softening

3. Multi-linear softening

4. Brittle

5. Linear ultimate strain based

6. Idealized

7. Manual input

These models denote the loss of strength in the concrete in tension after a peak stress is reached. The different
models are shown in figure 6.12.
It is chosen to use exponential softening since this is again the preferred method by the Dutch governmental
guidelines ([15]). The formula governing the exponential softening of the concrete tensile strength is shown
in equation 6.2.

σ= ft exp

(
−ε

cr

εu

)
(6.2)

With εcr being the positive tensile strain in the concrete, ft the mean tensile strength of the concrete and εu

the ultimate strain of the concrete which is determined by equation 6.3. In this equation heq an equivalent
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(a) The
exponential

softening
stress-strain

diagram.

(b) The Hordijk
softening

stress-strain
diagram.

(c) The
multi-linear

softening
stress-strain

diagram.

(d) The brittle
stress-strain

diagram.

(e) The linear
ulitmate-strain

based
stress-strain

diagram.

(f) The idealized
stress-strain

diagram.

Figure 6.12: The stress-strain diagrams related to the available models for tension stresses in concrete are shown in the figures above.

length. This value is automatically determined by DIANA and depends on the dimensions of the elements
used in the model.

εu = GF

heq ft
(6.3)

STEEL

For the steel a bi-linear stress-strain diagram was used. This means that it is linear elastic until it reaches the
yield stress. The yield stress is determined with the Von Mises plasticity theory. The yield stress has to be
given as input. It is possible to model hardening of the steel with several models. It is chosen, however, to not
model hardening of the steel since it is expected that the steel components will either not yield before failure
occurs, or will not reach the end of the yielding strain before that happens. If it is found in the results that the
steel does in fact yields to a strain where normally hardening would occur, than this choice should be revised.

REINFORCEMENT AND SUPPORT

The reinforcement and supports blocks also use a bi-linear stress-strain diagram. It is possible to impose a
stress limit for the material and this is done for the reinforcement of the composite slab. This includes both
the reinforcement bars in the top slab and the reinforcement bars in the ribs. The support element blocks do
not need a limit stress, since their only purpose is to spread the load to a realistic degree and prevent large
peak stresses from destabilizing the model.

MATERIAL VALUES

The values of all the material values discussed above are shown in table 6.1.

Table 6.1: The parameters that were used in the FEM model are displayed in this table.

Parameter Symbol Value Unit

Steel Yield stress fym 400 mm

Steel poisson ratio vs 0.3 mm

Steel Young’s Modulus Ea 210000 N /mm2

Concrete ultimate stress fcm 28 mm2

Concrete Young’s Modulus Ec 30000 mm2

Concrete poisson ratio vc 0.15 N /mm2

Crack orientation model − Rotating N /mm2

Concrete tensile strength fctm 2.8 N /mm2

Tensile fracture energy GF 0.12 N /mm2

Reinforcement yield stress fs 540 N /mm2

Reinforcement Young’s modulus Es 200000 N /mm2

Support Young’s modulus Esup 210000000 N /mm2
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6.2.4. CALCULATION METHOD
The DIANA model is calculated with a ’structural non-linear’ analysis. There are a number of non-linearities
which can be taken into account:

• Physical

• Geometrical

• Transient

The physical properties are the material properties of the model, the geometrical properties are instabilities
in the model due to displacement of the applied loads and transient properties are changes in loads and in
the model over time.
There are no time related aspects of the model so transient properties are not included in the DIANA analy-
sis, geometrical non-linearities are also not present in the composite slab. Therefore only the physical non-
linearities of the materials are included.
There are two loads applied: the self-weight and the concentrated load. While the loads could be applied at
the same time, this is not the case in reality. All the self-weight is acting from the moment the construction
of the composite slab is completed. Therefore the self-weight is applied first and thereafter the concentrated
load. Both loads are applied in steps since DIANA is unable to apply the loads in one step and converge to a
stable solution.
The choice of the size the size of the load steps can be done in a number of ways:

• User specified sizes

• Energy based sizes

• Iteration based sizes

• Automatic step sizes

With the user specified step size option it is possible for the user to specify exactly how many steps and how
large each loading step should be. The advantage of this option is that it is known exactly which steps the
model will take. The disadvantage is that if DIANA cannot converge on a certain step, because of the step
size, there is no way to adjust it’s size and the analysis will be stopped due to a lack of convergence.
The second option is to let DIANA automatically decide the step sizes based on the energy. It is possible to
set the initial step size, the minimum and the maximum step size. If no convergence is reached at the initially
chosen step size DIANA will automatically adjust step size. Then DIANA will try to converge to a stable solu-
tion again and if unable after a few iterations keep adjusting the step size until it converges.
Another option is to let DIANA determine the step size automatically based on the number of iterations nec-
essary to achieve convergence. DIANA will increase or decrease the step size to achieve an optimal amount
of iterations.
The last option is to let DIANA automatically cutback the step size when no convergence is reached. The
cutback factor is user supplied and DIANA will keep reducing the step size until a stable solution is reached
after a few iterations.
For all automatic options it is possible to set both a maximum and a minimum step size. Whenever either
one of those limitations is broken DIANA will stop the calculation. It is also possible to set the value for which
DIANA considers the stable solution to be reached. By default this value is set to be 10−2 and the difference
between the internal and external forces has to be lower than this value. Apart from the force also the energy
and displacement can be used as criteria. Whenever one of the criteria reaches the convergence value, the
calculation is considered successful by DIANA. It was chosen the use both the force and displacement criteria
while calculating the model. This is also the default setting.
Then it is also possible to provide DIANA with the maximum number of iterations that it does per step. If the
convergence limit is not reached within the number of iterations provided then DIANA will again stop the
calculation. The calculation is also stopped when the results are found to be divergent.
DIANA determines the results of the next step generally by determining the stiffness matrix of the model sub-
ject and then increase the load by the determined increment. There are several methods that DIANA can use
to determine the next solution:

• Constant stiffness
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• Linear stiffness

• Newton-Raphson

– Regular (default)

– Modified

• Secant (Quasi-Netwon)

By default the regular Newton-Raphson method is used. It was chosen to use the modified Newton-Raphson
method instead though, because this method is less prone to becoming unstable and more often yields con-
vergence. The difference between the two methods is that the regular Newton-Raphson sets up the tangential
stiffness before each iteration while the modified version sets up the tangential stiffness only before the first
iteration and keeps it constant during the rest of the step. An additional benefit is that this method is therefore
also quicker to reach the answer for each iteration, although it is likely that the modified Newton-Raphson
does need more iterations than the regular version.
The methods stated above determine the manner in which the stiffness matrix is set up for the model and at
what point in the calculation this is done. The method of solving the system of equations following from this
stiffness matrix also has several options. However, this is not further discussed here and the default option in
DIANA is found to be sufficient.

6.2.5. CALCULATION OUTPUT
The output that is received from the DIANA calculation can also be chosen from a large list of options. Since
the point at which the concrete starts to crack and the deflection of each rib are very important in the analyt-
ical model, it is chosen to receive as output the deflection of the nodes, the stresses and strains in all element
types and the cracking that occurs in the concrete. All of this output is available per loading step which means
that the progression of cracking, stress and strains can be followed closely. The output which is received from
the DIANA model is summarized below:

1. Internal stress for all elements

2. Internal strain for all elements

3. The displacement for all nodes

4. The cracking that occurs in the model

5. The support reaction forces

6.2.6. LIMITATIONS
The DIANA model has several important aspects that need to be mentioned. The items are mentioned below:

1. The steel and concrete are assumed to be completely bonded

2. Only the effective area of the steel profiled deck is modelled, the embossments are disregarded

3. The steel is modelled to have no hardening phase

4. Model stability

The assumed complete bond between the steel and the concrete is an important assumption in both the
analytical and the FEM model. It ensures complete cooperation between the two materials where in reality
this will not be the case. After a certain loading is reached the horizontal shear stress will become too large
for the interfaces between the materials and the bond will decay, thereby reducing the overall stiffness of the
composite slab. This will cause the FEM model to behave stiffer than the real composite slab and therefore
this is a cause of error that needs to be kept in mind.
Furthermore, the areas of the steel profiled deck that are not effective in bending are not modelled. For the
bending moment acting in the ribs this might approximate reality fairly well, but any other contributions
which these parts of the steel profiled deck might have given are not included in the model. These con-
tributions could be additional vertical shear resistance of the ribs or an increase in top slab stiffness or an
additional stress transfer in the transverse direction through the steel deck. The size of these contributions is
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not known and they might be negligible. It is, however, still a possible source of errors.
Another aspect to be taken into account is the fact that in the FEM model the steel deck and the reinforce-
ment both have no hardening phase. After reaching their respective yield stresses it becomes impossible for
them to bear more stress. This lack of hardening only becomes a problem if at some point a steel component
reaches the yielding stress before failure at any other point in the model occurs. If this is the case the material
modelling of the steel will have to be adjusted and if it does not the material modelling of the steel will not be
an issue.
The stability of the model is a very important aspect to be discussed. Despite efforts to increase the stability
of the model, after increasing the load to a certain point DIANA will not be able any more to calculate a stable
solution. This could be caused by numerous reasons such as: material failure and calculation instability. If
decreasing the step size does not provide the way forward then it means that the FEM model can only be
used until that size of loading. This could mean that the FEM model provides only limited information and is
more suited to examine the initial distribution in the composite slab rather than the failure behaviour of the
composite slab.

6.3. CONCLUSION OF FEM MODEL
Given the limitation which were described above it is concluded that the FEM model should be seen as an
additional source of information to help improve the analytical model and support it in while making predic-
tions about the outcome of the experiments’ initial stage. It is, however, difficult to use it to predict anything
about the failure modes of the composite plates or the behaviour at higher loads due to the instability of the
model. The models can only provide information about the early stages of loading where converged solutions
are available. It is likely that the results will also be more accurate at this stage because non-linearities in the
modelled materials are not yet occurring.
With regards to use in practice of Finite element modelling has the advantages of providing more information
of the modelled structure and including a larger range of parameters. However, the disadvantages are that for
each new design situation a new model has to be created for which both a FEM program and the knowledge
how to use it are required. The creation or adaptation of a model is also relatively time consuming. The accu-
racy of the finite element model is also not yet known. This will be derived from the comparison to the results
from the laboratory experiments. The choice of whether to use a finite element model will in practice depend
on the accuracy of the model and the amount of information that is needed from the structure.



7
LABORATORY TESTING

This chapter contains the discussion, explanation and the results of the laboratory testing of the test pieces
of the ComFlor210. The results of the tests are used to validate and calibrate the analytical and numerical
modelling in the two previous chapters. The analytical and numerical modelling contain several modelling
assumptions to predict the transverse stress distribution caused by a concentrated load. These assumptions
are validated in this chapter. The analytical modelling is the main point of interest; the Finite Element Mod-
elling is used to verify the analytical prediction of the stress distribution. The experimental results are used to
make a comparison with the actual measured behaviour of the composite floor and the analytical prediction.
The results are used to validate and calibrate the modelling, as discussed in chapter 5. The flowchart of the
modelling approach is shown in Figure 7.1.

Figure 7.1: The flowchart of the modelling approach in this research

This chapter starts with explaining the test objectives. Three test pieces were constructed in total, with differ-
ent properties. The properties of the test specimen are discussed in Section 7.2. The geometric and material
properties of the test specimens are presented first, followed by the details of the construction process and
the precautions taken to prevent the test specimen from being damaged during transport.

The properties and characteristics of the test set-up is presented hereafter. The tests are executed in the
Stevin II laboratory of Delft, University of Technology. The final section presents the results of the test series.
The discussion of the differences between the analytical modelling and the experimental results is done in
chapter 8.

7.1. TEST OBJECTIVES
The thesis goal is defined in the introduction as follows:

"To produce an accurate analytical model for the evaluation of the distribution of stresses over the ribs in
the transverse direction, due to loading by concentrated loads in deep composite slabs and validate this model

83
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by doing Finite Element Modelling and experimental tests"

The analytical and Finite Element Modelling procedures are explained and presented in the chapter 5 and
chapter 6 respectively. The models are created to predict the stress distribution, caused by a concentrated
load, over a deep composite slab. This transverse stress distribution over the ribs is the main objective in
this thesis. Conservative and inefficient design rules can be adjusted if the models have proven to be able to
predict the stress distribution accurately.

Both models need, however, validation by testing real full scale pieces in the Stevin II laboratory of the TU
Delft. The focus lies on the analytical model. The test results are used to calibrate the analytical modelling
procedure further. The analytical modelling procedure is based on certain assumptions. These assumptions
are verified and evaluated by using the experimental results. The following main and sub objectives can
therefore be distinguished in the experiments:

Main objective

• Validate and calibrate the analytical model for the transverse distribution of the concentrated load act-
ing on the deep composite slab.

The numerical models, explained in Chapter 6, are used to firstly validate the analytical modelling procedure.
The numerical modelling validation is not the prime objective, but the outcome of one of the analyses is used
to construct one of the test specimen, as will be discussed in the next section.

Sub-objective

• Investigate the ability of the concrete to distribute the loads.

• Investigate whether the top flange of the steel deck is active in the transverse direction or not.

• Investigate the influence of the reinforcement meshes on the transverse distribution of the load.

• Investigate the failure mechanism of the composite floors.

The numerical models have shown that the composite floor, without any reinforcement meshes, is able to
distribute the stresses in the transverse direction better than expected. This composite floor composition is
not used in practice, but this interesting outcome is examined nevertheless to serve as an additional valida-
tion point validate both the numerical and the analytical models.

The bending stiffness of the top slab is a very important parameter in the analytical model. This parameter
together with the bending stiffness of the ribs determine in a large way how the distribution of the load works
out. While calculating the bending stiffness of the top slab it was assumed that the top flange of the steel
deck does not contribute to a stiffer top slab in the transverse direction. This is because of the longitudinal
embossments in the steel deck. To check this assumption, however, it is necessary to measure the stresses
that occur in the top flange.

The bending moment stiffness is also influenced by the presence of the reinforcement meshes in the top slab.
Two different reinforcement configurations are used to examine the influence of this parameter on the trans-
verse stress distribution. Both configurations are used in practice.

7.2. TEST SPECIMENS
This section discusses the test specimen used to perform the laboratory tests. The geometric details and
material properties are presented in the first two sections, whereby the material properties are obtained by
performing tests on the material that is used to construct the composite floors. Subsection 7.2.3 provides the
construction method to produce the test pieces. The last section discusses briefly the transportation details
that were implemented to prevent initial defects on the composite slab.
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7.2.1. GEOMETRY
Three test pieces were constructed at Dutch Engineering in Zoeterwoude. All three test specimen contain the
same geometrical dimensions and material properties, but there is a difference in the reinforcement config-
urations of the slabs. The three test specimen vary in the following manner:

1. A specimen with COMFLOR210 steel deck + no reinforcement meshes

2. A specimen with COMFLOR210 steel deck + top reinforcement mesh

3. A specimen with COMFLOR210 steel deck + top and bottom reinforcement meshes

The total length of all specimens is be 5.6 meters and the span length between the supports is 5.4 meters.
The width of the specimens is 3.0 meters. Each test piece is constructed out of 5 separate steel decks and
consist of five ribs. The steel deck has a thickness of 1,25 mm. The specimens have a reinforcement bar, with
a diameter of Ø20 mm, in the ribs at 56 mm from the bottom and a concrete height on top of the steel deck of
70 mm. The centre-to-centre distance between the ribs is 600 mm. The reinforcement meshes in the top slab
are Ø8 – 150 (if present). The top view of the all three test specimen is shown in figure 7.2.

Figure 7.2: A top view of the general shape and dimensions of test pieces 1 to 3.

The outermost ribs on both sides were constructed in a special manner which is explained in the section
about the construction method in Section 7.2.3. One steel deck will be cut in half to obtain the geometry as
shown in 7.2. A front view of one rib of each specimen with a part of the surrounding slab is presented in fig-
ures 7.3a, 7.3b and 7.3c. The difference in reinforcement configuration is clearly visible. The reinforcement
bar in each rib is also indicated in the figures.

(a) Specimen 1: No reinforcement
meshes

(b) Specimen 2: Top Reinforcement
(c) Specimen 3: Top and bottom

reinforcement

Figure 7.3: A schematic representation of the three different reinforcement geometry

All specimens have different functions. Specimen 1 without any reinforcement is chosen as a result from the
FEM modelling done by Myrsini Michalaki. The FEM model resulting from that research suggested that the
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composite slab was able, prior to initiation of concrete cracking, to distribute the concentrated load rather
well to the outer ribs. This slab layout is not used in practice, but it is a good reference point for verifying the
concrete behaviour by itself and to verify in particular the output of the Finite Element Modelling.

The second specimen is the default option in deep composite slab construction, the ComFlor210 compo-
sition is always used with a minimum of one reinforcement mesh. Only top reinforcement in the slab is
present. Validating the constructed analytical model for this case is thus a prime motive to use this test spec-
imen layout. Apart from validating the model, it will also provide additional behavioural information about
the composite slab with one reinforcement mesh. This is also valuable information since this layout is often
used in practice.

The third specimen with both a top and a bottom reinforcement mesh is a layout that will be used in practice
in case of a large concentrated load. But the effect of the contribution of this extra reinforcement mesh to
the distribution of the concentrated force is not known. This can be predicted again by using analytical and
FEM models and validating these models and observing the distribution and failure behaviour is the primary
objective.

The exact dimensions of the Comflor210 are indicated in figure 7.4, it shows exactly the half of a steel deck
used to create the composite floor. This figure contains both a top and a bottom reinforcement mesh. The
position of the top mesh remains unchanged if the bottom mesh is not present.

Figure 7.4: The exact dimensions of precisely the half of a steel deck.

Finally, a symbolic representation of the dimensions is shown in figure 7.5. This figure contains an entire rib
with corresponding parts of the top slab.
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Figure 7.5: A symbolic representation of the dimensions of the ComFlor210.

7.2.2. MATERIAL PROPERTIES
The nominal material properties of the concrete, reinforcement steel and steel deck are stated below. These
values are characteristic values that will therefore not be representative of the actual materials that are used.
The analytical and numerical models can only be validated and calibrated if the real material behaviour is
obtained by performing material tests. The used steel and concrete classes are as follows:

• Steel deck strength class: S355

• Concrete strength class: C20/25

• Reinforcement steel strength class: B500

The real material properties of the steel deck, reinforcement bars and the concrete are obtained by perform-
ing material tests in the Stevin laboratory of Delft, University of Technology. This data is required to make an
accurate comparison between the analytical modelling and the experimental results. The details regarding
the used test set up and results are presented in Appendix F. This section only presents the actual material
properties that are required in the analytical modelling procedure.

Tension tests are executed on test specimens of the two used reinforcement bars and the steel deck. The most
important characteristics are the yield stress and ultimate stress of the steel. The displacement characteristics
are hard to find with the available lab equipment. The modulus of elasticity can therefore not be accurately
obtained, but the value that is found is presented nonetheless; this parameter is important for the calculation
of the bending stiffness. Table 7.1 presents the relevant material properties. These values are obtained by
executing several tests and taking the average value.

Table 7.1: The relevant material properties of the reinforcement bars and the steel deck

Yield stress (MPa) Ultimate
stress (MPa)

Fraction
fu/ fy

Modulus of Elas-
ticity (MPa)

Reinforcement Ø8 518.040 541.603 1.054 200000

Reinforcement Ø20 560.035 665.302 1.188 200000

Steel Deck 400.3991 462.686 1.157 210000

The actual material properties are all higher than the nominal values, as presented in the beginning of this
section. Concrete cubes of size 150 mm were cast at the same moment that the test specimen were cast. The
material properties, the compression and tensile strength, of the concrete are obtained at the day each test of
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the ComFlor210 specimens is performed to know the exact strength of the concrete at the moment of testing.
A test series is also performed when the concrete has hardened 28 days, to check the nominal cubic compres-
sion strength the concrete factory should provide. These test results in following averages:

Table 7.2: The average material properties of the concrete

Compression strength (MPa) Tensile strength (MPa) Modulus of Elasticity (MPa)

Specimen 1 29.44 3.17 30000

Specimen 2 32.83 3.55 30000

Specimen 3 33.40 3.31 30000

28 day test 26.27 2.86 30000

The cubic compression strength of the test series after 28 days is higher than the nominal value. The concrete
factory provides thus minimal the cubic compression strength the concrete class indicates.

The two tables, Table 7.1 and 7.2, are the result of the material tests that are explained in greater detail in
Appendix F.

7.2.3. CONSTRUCTION

The composite floors consist of a steel deck, reinforcement in the ribs (Ø20), additional reinforcement meshes
in the slab (Ø8-150), if present, and concrete of strength class C20/25. The various processes to construct the
test pieces are shown in figure 7.6, where in addition the responsible manufacturer is indicated. The test
pieces were constructed in Zoeterwoude at Dutch Engineering. The most important remarks per part of the
construction process are briefly discussed in this section.

Figure 7.6: A schematic representation of the different construction processes of the composite floors and the responsible construction
companies

STEEL DECK

The steel decking plates that are used to construct the composite slab form two halves of a rib and the inter-
rip top flange, see figure 7.7a. They are manufactured by TATA steel, there a steel coil is coldly deformed to
form the desired steel deck shape. At the bottom flange of the rib the plates overlap and are nailed together.
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(a) Single steel deck
(b) The composition of the entire steel deck

Figure 7.7: The manufacturing of the steel deck of the test pieces

To create the test specimens a total of five deck plates are used. All the decking plates have the desired length
of 5.6 meters and four of the decking plates could be joined together right away. But because the a single
decking plate only consists of a top flange and two halve ribs, the outermost ribs were constructed in a differ-
ent way. The fifth plate is cut in half at the centre across the longitudinal axis and then each half forms a side
of the steel deck. An schematic representation of this step is shown in figure 7.7b.

(a) A pile of steel decks
(b) One steel profiled steel deck

plate lying upside down
(c) A connection at bottom rib

Figure 7.8: The used steel decks manufactured by TATA Steel

figure 7.8 illustrates different phases of the production process of the steel decks. These pictures were taken
at the Dutch Engineering facility where the test specimens were constructed. figure 7.8 depicts the connected
steel decks without the reinforcement steel or the concrete.
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Figure 7.9: The connected steel decks, constructed out of five single deck elements

STEEL REINFORCEMENT

In each rib of the three test specimens one reinforcement bar with a diameter of 20 mm was applied The
reinforcement mesh has a diameter of 8 mm and a centre-to-centre distance of 150 mm. Both types of steel
reinforcement are shown in figure 7.10.

(a) The steel reinforcement bars of Ø20 placed
in the ribs

(b) The reinforcement meshes of Ø8-150

Figure 7.10: The steel reinforcement used to create the test pieces.

Figure 7.11 shows the placement of the two types of reinforcement in the composite floors. A plastic rein-
forcement spacer is used to place the Ø20 reinforcement inside the rib at the desired height. Concrete bricks
are used to place the single and double reinforcement mesh at the required position. These distances are
measured at the construction site and are positioned according to the previously shown dimensions.

(a) Bottom reinforcement bar in a
rib

(b) Only top mesh reinforcement
(c) Top and bottom mesh

reinforcement

Figure 7.11: The steel reinforcement in the ribs and the reinforcement in the slab, if present.

Figure 7.12 shows the test piece with top and bottom reinforcement mesh and the connected steel plates.
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The steel decks are now joined together and the reinforcement is placed. The next phase in the construction
process is the mixing, casting and hardening of the concrete.

Figure 7.12: The test piece with connected steel decks and installed reinforcement bars and top and bottom meshes.

CONCRETE

The steel profiled deck is used as permanent form work when the concrete is poured. To prevent possible
ponding effects and undesired deformations at the centre of the steel deck, the steel deck is supported at
three positions as shown schematically in figure 7.13.

Figure 7.13: A side view of the steel profiled deck, the supports prevents undesirable deformations and ponding.

A special side detail is used at the longitudinal sides to obtain the desired concrete height above the ribs, this
is shown in figure 7.14a. At the transverse sides it is slightly more complicated. First, a specialised steel plate
is added to close off the space between the ribs. Then a timber beam and plank are clamped to the edges in
order to obtain the required concrete height. All these measures are shown in figure 7.11.

(a) A connector preventing the
longitudinal sides from bending

outwards due to the weight of the
wet concrete

(b) A specially formed steel profile
for closing of the space between the

ribs

(c) The wooden close-off at the end
of the composite slab

Figure 7.14: Measures to prevent spilling of the concrete and to obtain the desired concrete height
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(a) Casting of the concrete (b) The composite floors with wet concrete

Figure 7.15: The final step in the construction process

The final step of the construction process, the casting of the concrete, is illustrated in figure 7.15. The con-
crete of the composite slab needs to harden at least two weeks for it to reach a sufficient strength so that it
can be transported to the Stevin II laboratory of the TU Delft. The transportation requires careful attention.
The concrete can crack during lifting or transportation from Zoeterwoude to Delft. The precautions to avoid
undesirable damage to the test pieces are discussed in the next section.

7.2.4. TRANSPORTATION

It is vital that the test specimen remain intact during transportation from Zoeterwoude to the TU Delft. The
geometrical and material properties are carefully examined in and after the construction process. Initial
cracks in the concrete can negatively influence the tests results. The precautions taken to make sure that the
test specimens are not damaged during transportation are briefly discussed in this section. All this is to make
sure that the test results are not influenced by rude handling during transport.

Steel profile beams are used to lift the composite floor in order to make sure that lifting of the test specimen
can take place carefully and that the specimens will not deflect in the transverse direction. The steel beams
are fitted with upstanding plates at the side edges to keep the composite slabs in place and keep them from
shifting sidewards. Furthermore, a spacer is inserted between the lifting cables in order to avoid the develop-
ment of any axial force in the specimens. These features are schematically depicted in figure 7.16.

Figure 7.16: The lifting system.

The test specimens are loaded by their own self weight during transportation. The test pieces will be piled
up on top of each other during transport. Extra care is required for the test piece without any reinforcement
mesh. This test pieces should be on top of the pile. The extra load caused by the other two floors could initiate
cracking in the unreinforced floor, while in the two other floors this will not be a problem. The steel profile
beams that were used to lift the composite slabs are shown in figure 7.17.
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(a) The steel beams used to lift the test
specimens. The upstanding stiffened steel plate

is to prevent the test specimens from shifting
sidewards.

(b) Positioning of the steel beams

Figure 7.17: The precautions taken in order to safely transport the test specimens

Finally, the applied precautions can be seen again in figure 7.18. In these pictures the test specimens are
being lifted into the Stevin II laboratorium from the load truck.

(a) Front view (b) Side view

Figure 7.18: The lifting of the test specimens from the transport truck into the laboratory

7.3. TEST SET UP

This section describes the test set up that was build in the Stevin II laboratory of Delft, University of Technol-
ogy. The different parts of the test set up are treated separately:

• Loading frame, Subsection 7.3.1

• Supports, Subsection 7.3.2

• Instrumentation, Subsection 7.3.3

An overview of the test set up is given in figure 7.19
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(a) Side view of the test set up (b) Front view of the test set up

Figure 7.19: An overview of the test set up that was constructed in the Stevin laboratory.

7.3.1. LOADING FRAME

The first part of the test setup that will be discussed in this section is the loading frame. The concentrated
force, applied at the centre rib of the test specimen, creates a deflection and a stress distribution throughout
the entire floor. The dimensions of the loading frame and reasoning are explained in this subsection.

During the testing the test specimens are subjected to two kinds of loading:

• A concentrated load F

• A distributed load q

The concentrated load F is applied to the test specimen by the hydraulic press of the test set-up. The dis-
tributed load is caused by the self-weight of the test specimens, which is approximately 3.05 kN /m2 (Dutch
Engineering). This load is uniformly distributed and will cause an initial deflection even before the testing has
begun. This initial deflection is measured and only influences the residual capacity of the composite floor; it
will not interfere the desired transverse stress distribution. The capacity of the hydraulic press (or load cell)
is 400 kN. The load level is measured during the tests. More information about the load cell is presented in
subsection 7.3.3. The hydraulic press is depicted in figure 7.20a.

The force of the hydraulic press will be displacement driven; the load will increase with constant deformation
steps. The area to which the concentrated load is applied is 150 x 150 mm2. According to Eurocode 1 ([10]),
loads larger than 10 kN need to be checked on a surface area of 200x200 mm, but in order to have a width of
the loading area that is smaller than a single rib width (at the top) it is chosen to use a loading area of 150 x
150 mm.

The load level is controlled manually, by making use of a pumping system. Oil is pumped in the cylinder by
making use of this pumping system. The load cell is pushed downwards because of this. The load cell intro-
duces a concentrated load on the test specimen. The result is a displacement controlled test. The pumping
system is shown in figure 7.20b.
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(a) The hydraulic press (b) The pumping system

Figure 7.20: Details of the load introduction system on the test specimen

The hydraulic press will load the specimens in two specific places, one at exactly the middle of the composite
floor and one at a quarter of the span length, as shown in figure 7.21. The composite slab will be loaded first at
location 1. The testing will be stopped when a certain load has been reached. This test will be non-destructive
and the aim of this location is to have extra data to compare with the analytical and numerical output. The
test specimen should not be damaged during this first test. A destructive test will be done at the second po-
sition. At this location the objectives are to measure the distribution of the composite slab and observe what
kind of failure behaviour will occur.

Figure 7.21: A top view of the test specimens with the locations of loading indicated. The first loading location will be a non-destructive
test and the second location will be destructive one.

Figure 7.22 shows pictures from the load frame that is used to introduce the concentrated force into the test
specimens. The picture on the left side shows the the double horizontal beam and the columns. This entire
structure is put over the ComFlor210 pieces. The middle figure shows the cylinder where the load cell is put
into. figure 7.22c then finally shows the support of the load frame. The supports are bolted to the floor of the
laboratory with anchors that can be seen in the picture, this prevents any deformations and rotations.
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(a) Overview load frame (b) The cylinder for the load cell (c) A support of the load frame

Figure 7.22: Pictures of the loading frame that is used to introduce the concentrated force into the test specimens.

7.3.2. SUPPORTS
The supports of the test specimens fulfill an important role: they need to include the load cells for mea-
surements and at the same time they should provide a stable platform for the specimens to rest upon. The
required degrees of freedom are also provided by the supports. Each rib is supported at both sides of the test
specimen. So ten uniform supports are created. The support reactions at each rib are required to validate the
numerical and analytical models. This data provides the knowledge of what part of the load is spread in the
transverse direction of the slab into the different ribs.

(a) One row of supports, 5 supports in total (b) The supports at one side while in use

Figure 7.23: An overview of the supports used in the lab experiments

Because of the deflection of the slab due to the loading, the supported end of the specimen will move hori-
zontally. Therefore horizontal translation capacity is required. To do this it is either possible to give one side
of the slab translation capacity and make it so that the hydraulic press is a pendulum or both supports need
to be able to move horizontally instead. It was chosen to make the hydraulic press rigidly connected to the
frame and instead give both supports translation capacity. Figure 7.23 shows two pictures of one row of the
supports. Beside this horizontal freedom, rotation capacity is also required during the loading process. So
the supports only restrict vertical movement of the ribs; the test specimen are able to translate horizontally
and can rotate freely.

More information is provided regarding the load cells in the next section.
The different parts of the supports are indicated in figure 7.24. Mechano parts are used to place the test spec-
imen at a height that provides easy access beneath the specimen. Instrumentation is placed at the bottom
side of the test pieces, as will be discussed in the next subsection. The increased height makes sure that the
instrumentation can be adjusted when the test specimens are placed in the test set-up. A roll support is put
on top of the Mechano part. The roll supports are made out of round steel bars encased by two metal plates.
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Figure 7.24: The different parts of the supports

These roll supports provide the horizontal degree of freedom. To prevent the test specimens from rolling off
the supports they had to be laterally braced though. These precautions are removed during the test.

Load cells are welded onto a foot plate that is put onto the roller plates. The load cells measure the support
reactions at each rib. The maximum capacity of these cells is 200 kN. A spherical disc is put on top of the load
cells to give the test specimens their rotational freedom. A footplate is welded onto the spherical disk. Small
pieces of plywood are placed on top of the footplate. When the test specimens are put in the test set-up the
plywood deforms and fixates the test specimen on top of the support. This is done to prevent differences be-
tween the supports on which the specimens were constructed and the supports on which the testing is done
from causing settlement cracks and damage to the specimens. First the spherical disk is placed at the bottom
side of the test specimen with tape, to make sure that the dimensions are accurately checked.

(a) The top side of the support (b) Placing of the test specimen (c) Fastened test specimen

Figure 7.25: Some details about the secure placing of the test specimen on the supports

The zero measurement of each individual load cell just before the test starts should be the same. The height
of the load cells were therefore adjusted to makes sure that each load cell measures approximately the same
load before the test starts. 1

1In practice the composite floors are often supported on the flanges of a steel composite beam. The concrete is then cast in situ, ef-
fectively creating a concrete beam along the width of the composite slab. Replicating this in the test specimen would have been an
impractical choice, since this would prevent any individual measuring of the ribs in the test specimens. The concrete beam would
redistribute the load and would thus skew the results. It was therefore chosen not to replicate the concrete beam, but instead leave the
ends of the composite slab free.
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7.3.3. INSTRUMENTATION

To perform all the necessary measurements during the tests, several different instruments are used. The
instruments are summed up below.

• 10× Thread LVDTs (deflection)

• 2× LVDTs (end slip)

• 4× Strain gauges (transverse strain)

• 5× Rotation gauges (rotation)

• 11× Load cells (support reactions and hydraulic press)

Out of the instrumentation listed above the LVDTs (both types) measure a change in distance. The strain
gauges measure the strain of a material at the location of placement and the load cells measure a force that
is acting on them. The rotation gauges measure the angle of rotation in degrees of each individual rib. This
section will expand upon the locations where the instruments are placed and their function.

THREAD LVDTS, DEFLECTION

The deflection of the composite slab was measured in several places. The stiffness of each individual rib was
determined by combining this data with the data obtained from the load cells. The deflection values that
were obtained could compared to those that have been predicted before the testing with the analytical and
finite-element models.

It is chosen to measure the deflection of each of the five ribs. Each of the five ribs along the width at the loca-
tions of loading was measured. So at all five ribs along the width of the load locations of figure 7.26, 10 thread
LVDTs are used in total. Because the expected deflection is in the order of centimetres rather than millimetres
it was chosen to use thread LVDTs, which can measure such large deflections.

Figure 7.26: A top view of the test specimens with the locations of deflection measurement indicated.
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(a) A schematic view of the thread
LVDT

(b) The bottom side, at the pulley
(c) A top side, placement at test

piece

Figure 7.27: The positioning of the Thread LVDT.

Figure 7.27 illustrates the functioning of the thread LVDT. A small hook is fixed by magnets at the bottom side
of the test specimen. A string is attached to the hook and is stretched to a piece of Mechano, that is placed
on the ground directly beneath the hook. It is very important that this string is stretched perfectly vertical,
in such that the measured deformations of the composite floor are vertical only. The string is attached to a
pulley that is attached to the Mechano part. The string exactly follows the deformations of the ComFlor210
test piece. The amount of deformation is measured during the tests.

Figure 7.28 shows an overview of the used thread LVDTs in the lab experiments.

(a) One row of thread LVDTs (b) A close up of two entire thread LVDTs

Figure 7.28: An overview of the thread LVDTs used in the lab experiments

LVDTS, END SLIP

Normal LVDTs are used to measure the end slip between the steel deck and the concrete. The analytical model
assumed full shear connection between the deck and the concrete. This assumption is verified by measuring
the end slip at the middle rib only. This rib is loaded most extensively.

Figure 7.30 shows two pictures taken of the LVDTs. The mechanism is fixed to the bottom side of the steel
deck. The pin is attached to the concrete and follows the horizontal deformation path of the concrete, caused
by the partial shear connection and the applied concentrated load. This accurate deformation path is real-
ized by making use of a spring that holds the measuring device at the surface of the concrete.
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Figure 7.29: A top view of the test specimens with the locations of the LVDTs that measure the end slip of the middle rib.

(a) A close up of a end-slip LVDT (b) An overview of a end-slip LVDT

Figure 7.30: An overview of the LVDTs used in the lab experiments

STRAIN GAUGES

Strain gauges are used to measure the strain in the top flange in the transverse direction of the steel deck.
The contribution of the steel deck is measured in specific points at the bottom side of the top flange. These
results can be used to validate the contribution of the steel deck in sustaining the concentrated force and
distributing the stress to the outer ribs.

The effective part of the steel deck is around the folded corners. The other parts will not be effective in car-
rying the applied force and will not contribute to the bending stiffness. The positioning of the strain gauges
is therefore very important. The deck area just outside the ribs, thus still inside the effective area, is cho-
sen. The strain gauges are placed in the transverse direction to measure the contribution of the steel deck
in transferring the stresses to the outer ribs. The strain gauges are placed at locations where the destructive
test is carried out. The contribution of the steel deck is expected to be small in the non destructive test. The
positioning of the strain gauges is illustrated in figures 7.31 and 7.32.

The strain gauges are placed before the concrete is cast and the steel decks are connected. This to ensure
easier access to the bottom side. The used strain gauges are shown in Figure 7.33.
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Figure 7.31: A top view of the test specimens with the locations of the strain gauges.

Figure 7.32: A detailed frontal view of the placement of the strain gauges. They are placed on the other side of the longitudinal
embossment from the perspective of the rib.

(a) Positioning of the strain gauge (b) Strain gauge detail

Figure 7.33: The strain gauges positioned at the bottom of the steel deck to measure the transverse strain in the deck

ROTATION GAUGES

Rotation gauges are used to measure the rotation of each rib during the test. A rotation gauge is placed at
each rib in the middle of the span. It is expected that the ribs will hardly rotate during the non-destructive
test, so no rotation gauges are placed at the location of that test. The positioning of the rotation gauges is
visualized in figure 7.34.

The rotation gauges were connected to the test specimen by magnets. The measuring equipment is put in a
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Figure 7.34: A top view of the test specimens with the locations of the rotation gauges

metal holder and then placed at the desired positions at the bottom side of the test specimen. The middle rib
will hardly rotate during the tests, but is measured nonetheless as a control measurement.

The positioning of the rotation gauges at each rib is shown in figure 7.35. The instrumentation is shown as
well in this figure; this equipment measures the rotation during the test in degrees and these results are shown
on a monitor during the test. The entire rotation gauge, including the metal frame, is shown in figure 7.36. An
overview of the five rotation gauges is visualized as well.

(a) The positioning of the rotation gauge (b) A close up of the used measuring equipment

Figure 7.35: An detailed overview of the inclination or rotation gauges that are used to measure the rotation of the ribs.

(a) The rotation gauge with metal frame (b) An overview of the rotation gauges

Figure 7.36: An overview of the rotation gauges used in the lab experiments

LOAD CELLS

Load cells are used in two positions:
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1. To measure the support reactions

2. To measure the applied concentrated force

The load cells were used to measure the support reactions of the ribs at each end of the slab, so that makes
two per rib and ten load cells in total. One more load cell was used to check the force that the hydraulic
press was exerting on the test specimen. The locations of the load cells that are used to measure the support
reactions are shown in figure 7.37. The support reactions of the ribs are interesting because they indicate how
much of the applied load is carried by each rib.

Figure 7.37: A top view of the test specimens with the locations of load cells indicated.

The first test specimen has no top slab reinforcement, so after the concrete cracks the composite slab will
sustain permanent damage. This is because it was assumed that the top flange of the steel deck does not
contribute towards the moment resistance. So in order to prevent failure or permanent damage to the test
specimen. So the maximum allowable moment in the top slab is the cracking moment. With this knowledge
the model is run and the results are displayed below.

7.4. TEST RESULTS AND EVALUATION
The tests have been performed in the following chronological order:

1. 2 mesh slab at quarter span length

2. 2 mesh slab at mid span length

3. 1 mesh slab at quarter span length

4. 1 mesh slab at mid span length

5. No mesh slab at quarter span length

6. No mesh slab at mid span length

But for the sake of comparison the test results will be presented per type of test. So the tests at half of the
span length for all test specimens will be presented in the first section and the test results of the tests at a
quarter the span length on all the test specimens in the second section. For both test types the results will be
compared and it will be evaluated why some results might deviate from the expectation. The data that was
acquired from the instrumentation during the test is stated below.

• Applied load (hydraulic press)

• Rib load on each side (load cells: RO1-RO10)

• Deflection at half span and quarter span (thread LVDTs: LVDT1-LVDT10)



104 7. LABORATORY TESTING

• Rib rotation at half span (rotation gauges: ROT1-ROT5)

• Strain of deck in transverse direction (strain gauges: REK1-REK4)

• Slip at both ends of the middle rib (LVDTs: Slip1 and Slip2)

The location of all of these instruments can be seen in figure 7.38 and for more detail is referred back to section
7.3.3. Although all of the instrumentation was used at every test, not all of the outputted data is relevant for
every test evaluation. The data is given in appendix G.

Figure 7.38: A top view of the test specimens with the locations of the instrumentation indicated.

All instrumentation was zeroed before tests were initiated. This means that the measured values were only
due to the influence of the applied loading. Only the load cells RO1-RO10 were not zeroed out. The test
specimens were hoisted into the test set-up onto the load cells. The values measured by the load cells were
very uneven at that point. The load cells were then adjusted in height in order to get an equal measured value
in all load cells. This was done in order to provide an equal starting value for all ribs and measure the effects
of the experiment in the same manner everywhere. The procedure that was used for the load cells was as
follows:

1. Lift test specimen into the test set-up

2. Re-adjust load cells to equalize measured values

3. Execute experiment

The values measured by the load cells looked like the example in figure 7.39. The initial values of the load
cells can be seen at the point where the applied load is 0 kN. The uncorrected values of the load cells can be
observed in figure 7.39. The initial values of the load cells are roughly the same but not completely. These
difference could have an influence on the final results which is significant. The initial values of the load cells
are shown in appendix G.

The corrected values of the load cells are shown in figure 7.40.

For both sides of the slab these corrected load cell curves can be made. The first check that is done for each
test specimen is to sum up all the load cell measurements on both sides of the test specimens. This sum of
RO1-RO5 and RO6-RO10 respectively is then presented as a percentage of the total load, as done in figure
7.41. This graph represents the spreading of the load as seen in figure 7.42. For the tests at a quarter of the
span length it is expected that 75% of the load will go towards the side which is closest to the point of appli-
cation of the load and 25% towards the far side. For the destructive test with the load applied in the centre of
the slabs it is expected that each side of the slab carries 50%
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Figure 7.39: Measured values by load cells RO1-5 in the 2 mesh slab loaded at a quarter of the span length.

Figure 7.40: Corrected values by load cells RO1-5 in the 2 mesh slab loaded at a quarter of the span length.

In order to analyse the distribution over the width of the test specimens, the contribution of each rib relative
to the total load per slab size is then calculated. Examples of such a graphs for both sides of the test specimen
can be seen in figure 7.43. These graphs represent both sides of the test specimen shown in figure 7.44. With
these graphs the distribution over the width of the specimen on both sides can be analysed thoroughly. In this
chapter the results of the load cells will be shown only in the form of percentage based distribution diagrams
as shown in figure 7.43. For the corrected absolute values measures by the load cells is referred to appendix G.
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Figure 7.41: Sum of RO1-RO5 and RO6-RO10 in the 2 mesh slab at a quarter of the span length.

Figure 7.42: A schematic representation of the distribution of the applied load per side of the test specimen.

(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.43: Distribution for R01 to R05 and R06 to R010 of the 2 mesh slab.

The graphs which show the total load applied will often show small decreases in the load at regular intervals.
This was often caused by a temporary stop of increasing the applied load. This decrease in loading over time
is caused by the hydraulic press. The hydraulic system that was used could not keep the oil pressure at ex-
actly the same value if left alone for a period of time. So increasing the load is stopped for a while, the load
slowly decreases somewhat. Since the load was increased in increments and regularly stopped to allow for
inspection of the response of the test specimen, this small drop in applied load can be seen throughout the
test results. Whenever the drop in applied loading is larger than normal or was not caused by discontinuing
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Figure 7.44: A schematic representation of the distribution of the applied per side of the test specimen.

the increasing of the load, it will be mentioned. Another issue that should be mentioned in advance is that
the rotation and strain values found in the experiments are all shown as absolute values in order to be better
able to compare them with each other. The rotation data of the ribs do not all have the same direction of
rotation but only the absolute values are shown. The direction of the rotation that the ribs assume are shown
in figure 7.45. The middle rib is not expected to rotate, but it might. If it does then the direction of rotation
can be derived from the data acquired from the strain gauges.

Figure 7.45: A schematic representation of the direction of the rotation in the ribs.

The last point that is mentioned is the ’rib stiffness’. This concept is introduced in the following sections and
stems from the analytical modelling approach. In the analytical model the ribs are modelled as translation
springs with a certain stiffness and carrying a certain load. The load in the rib, also called the ’rib load’, is
calculated as the sum of the loads in the load cells on both ends of the ribs. In order to draw up the compari-
son between the experiments and the analytical model in the following chapter this relationship between the
deflection of the ribs at the location at the applied load and the force measured at the location of the supports
is called the ’rib stiffness’. The size of the variable will be acquired from graphs relating the aforementioned
parameters together.

7.4.1. TEST AT HALF SPAN LENGTH
The testing of the specimens at half of the span length had two major goals: observing the load distribution
and observing the failure modes of the slabs. By keeping the slabs in the linear elastic zone in the test at a
quarter of the span it was attempted to minimize the effect this would have on the destructive tests. It will
have to be checked whether or not this has succeeded.
The test results will be discussed in a similar fashion as was done in the previous section. First the manner
of loading and the observed behaviour during the test itself will be reported. Then the resulting graphs of all
instrumentation will be presented which will then be discussed.

2 MESH TEST SPECIMEN

First of all, the applied load was quickly increased to 40 kN. At that point the loading was shortly halted and
from then on the load was increased in 10 kN increments after each of which it was shortly halted again. This
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continued to approximately 105 kN of loading. At that point a loud cracking sound could be heard. It started
in the centre of the slab and propagated outwards. The slab was inspected but no cracking could be observed
on the outside. What could be observed was that the deck had separated from the concrete at the end of
several of the ribs. This can be seen in figure 7.46. Only two ribs are shown, but this phenomenon was to a
greater or lesser extend visible in all ribs.

(a) The end of rib 3 at location A3 (see figure 7.38. (b) The end of rib 5 at location A5 (see figure 7.38.

Figure 7.46: Photographs showing the deck separating from the concrete at the end of ribs 3 and 5.

After inspecting the slab, the load was yet again increased with 10 kN increments until 160 kN was reached. At
this point the stiffness of the slab had dropped so far that adding any more load was near impossible because
the slab was just deflecting more and more. Therefore the loading was stopped and the load was released.
Again, the sum of the load cells on both sides of the slab have been calculated in order to check the external-
internal equilibrium. From this process it was found that the internal forces have a constant error of 0.5%
compared with the total applied load. This margin of error is acceptable. Another observation that was done,
was that the slab side which was previously loaded in the test at a quarter of the span, carried 49% of the
total load. The other side of the slab carried 51% of the total load. In order for a misalignment to cause this
effect, the load would have to be placed almost 50 mm away from the centre line. The application point of the
load was aligned beforehand, but some misalignment might have occurred. This found 49%-51% distribution
remained constant throughout the entire test. This does suggest either some misalignment or a small error
in the instrumentation.
The results of the destructive test of the distribution are shown in figure 7.47, the rotation, slip and strain in
figure 7.48 and the rib load-deflection diagrams in figure 7.49.
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(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.47: The distribution for R01 to R05 and R06 to R010 2 mesh slab.

(a) The rotation of the 2 mesh slab (b) The slip of the centre rib of the 2 mesh slab

(c) The strain of the 2 mesh slab

Figure 7.48: The rotation, slip and strain of the 2 mesh slab.

First of all the distribution near the point of failure of the slab swill be considered. Since the load is applied
in the middle of the slab, it is expected that both distribution diagrams show the same curves. And indeed
it seems that the corresponding ribs have on average almost the same contribution. The outer ribs, 1 and 5,
carry about 9% on both sides, ribs 2 and 4 about 22.5% and rib 3 36.5% on one side and 37.5% on the other.
The largest difference is again in rib 3. This is expected, because any change in rib 3’s contribution is then
divided over 2 or more ribs, making the relative change in the other ribs smaller. And even the approximate
1% of contribution difference in rib 3 is not very large.
Again it can be seen that for RO1 and RO5 and for RO2 and RO4 the values are not exactly the same. But on
average they correspond to the values for RO6 and RO10 and for RO7 and RO9 respectively. For all curves the
disturbance at 105 kN can also be seen. The load jumps back a little, but the distribution is in essence not
changed.
When comparing these results with the test at a quarter of the span and load cells RO6-RO10 the following
can be said:

1. Rib 3 bears approximately 5% less in the test at half span (7.43).
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Figure 7.49: A graph showing the deflection at half of the span length for the corresponding force in the ribs.

2. The contribution of RO7 & RO9 decreases from 25% at a quarter span to 22.5% at half span.

3. The contribution of RO6 & RO10 increases from 5% to almost 9% at half span.

The increased distance to the support does promote the equal distribution of the load. Load from the central
three ribs is spread more towards the outer ribs, than is the case in the quarter span length test. If this is in-
deed true, then the results provided by load cells RO1-RO5 would be a logical extension. The length from load
to support increases even further and the contribution of rib 3 falls even more, which raises the contribution
of ribs 1 and 5. A longer length promotes better distribution. Whether this is due to the increase in stiffness
of the top slab and the reinforcement meshes or just due to the decrease in rib stiffness remains to be seen.
Comparing these results with the other test specimens will provide more insight.
The distribution of the load does change when the load is increased. It seems that ribs 2 and 4 remain fairly
constant, but ribs 1 and 5 drop a few % in contribution, which is added instead to the contribution of rib 3.
The contribution of rib 3 rises quite considerably from 30% at the start of the test to about 36.5% at the end.
Although it should be noted that until the 40 kN is passed, this increase is not there yet.
This increase in contribution could be explained by the lowering stiffness of the ribs as seen in figure 7.49. It
can be seen that the linear elastic zone of the slab really only lasts until rib 3 has deflected 2.5 mm. After that
the stiffness starts to go down further continuously. The same is true for the other ribs. Again ribs 1 and 5
react very weak compared to the central three ribs. They carry much less load and yet deflect more than the
other ribs at the same load level. This was also observed in the first test. The stiffness results of all ribs are
again tabulated in table 7.3. But now the phases over which the stiffness is calculated are chosen indepen-
dently for each rib, because they vary considerably.

Table 7.3: This table shows the rib stiffness value for each of the ribs in the 2 mesh slab with the load at the centre.

Rib number Deflection
interval
[mm]

Stiffness
[kN/mm]

Deflection
interval
[mm]

Stiffness
[kN/mm]

Deflection
interval
[mm]

Stiffness
[kN/mm]

1 0.0 - 1.0 4.0 2.5 - 22.0 0.6 - -

2 0.0 - 1.5 5.3 2.5 - 12.0 1.6 12.5 - 28.0 0.7

3 0.0 - 1.5 5.3 2.5 - 12.5 2.6 14.5 - 35.5 1.2

4 0.0 - 1.5 5.3 2.5 - 12.0 1.6 12.5 - 29.0 0.7

5 0.0 - 1.0 4.0 2.5 - 20.0 0.5 - -

If one then examines the rotation of the ribs in figure 7.48a, a few observations can be made. First of all the
rotation of rib 3 remains small, which is what was expected. Rib 3 is located in the middle after all and should
not rotate. Only after 100 kN does it start to rotate a little. Secondly, the rotation of the other ribs is larger but
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still remains quite small with a maximum of only 0.8 degrees. And more importantly, the rotation of all the
other ribs is more or less equal. If the slab indeed deflected in such a way as a beam would, one would expect
the rotation to decrease near the side of the slab, as illustrated in figure 7.50.

Figure 7.50: A graph showing the deflection at the centre of the slab.

But instead the rotation of all ribs is similar, suggesting that the slab assumes a V-shape during the entire
experiment, bending at the location of rib 3 but otherwise remaining straight. If one calculates rotation of rib
5 based on the difference in deflection between rib 3 and rib 5 as done in equation 7.1, then one finds 0.74
degrees which is exactly what is found in the results. This strengthens the idea that the slab is not bending
over the width, but instead remains straight.

θr i b5 = arctan

(
δr i b3 −δr i b5

Br i b3−5

)
= arctan

(
35.5−20

1200

)
= 0.74 deg r ees (7.1)

When looking at the slip results of rib 3, one can see the 105 kN cracking again as slip 1 gives a large peak of
1.5 mm and then immediately falls back to 0 mm. Another small peak of 0.4 mm does the same at around
130 kN. The slip 2 LVDT hardly increases at all during the test, until it starts to gradually increase from 120 kN
onwards. All of the slip values remain small. A possible explanation for the peaks of slip 1, is that the chemical
bond between the steel deck and the concrete broke and they separated at 105 kN. They then shifted about
1.5 mm relative to each other, but the geometric properties of the embossments prevented them from slip-
ping further and even caused them to slide back to the original position.
The strain gauges show very clearly that until the 105 kN cracking event, nothing really happens in the trans-
verse direction of the steel deck. After the cracking has occured though, the strain gauges suddenly start given
higher values. Obviously gauges 1 and 4 remain rather small, but gauge 3 and especially gauge 2 start to in-
crease. The steel of the deck does not start yielding until approximately 1900 µε, but it does extend. This
corresponds nicely with the small rotation to one side that is observed in the rotation curves, since the deck
on one side of rib 3 is extending more so than on the other side.

1 MESH TEST SPECIMEN

The load on the slab with one reinforcement mesh was at first increased to 40 kN. Then the load was increased
in intervals of 20 kN and after each interval the increase of loading was shortly stopped. At 105 kN the same
behaviour was observed as was done with the 2 mesh slab. A large cracking sound was heard. When it started
it came from the centre of the slab and from there it propagated to the side of load cells RO6-RO10 first. Af-
ter increasing the load another 3 kN the same cracking sound propagated from the centre towards the other
side. The slab was left to settle for a few minutes during which it was inspected. Several cracks were found on
the sides of the ribs, see figures 7.51 and 7.52. The cracks are in locations where, according to the analytical
model, one would expect compression instead of tension. This indicates that the modelling of the top slab
that was used for the model might conflict with the reality of the slab. If the top slab acts more as a reinforced
concrete beam instead of discrete beam elements clamped between the ribs, then the whole bottom side of
the top slab is likely to be in tension. This would explain the cracking pattern that is found in this test speci-
men.
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(a) End of the rib at location
A1 (see figure 7.38.

(b) End of the rib at location
A2 (see figure 7.38.

(c) End of the rib at location
A4 (see figure 7.38.

(d) End of the rib at location
A5 (see figure 7.38.

Figure 7.51: Cracks in the ribs at the A side of the slab.

(a) End of the rib at location
E5 (see figure 7.38.

(b) End of the rib at location
E4 (see figure 7.38.

(c) End of the rib at location
E2 (see figure 7.38.

(d) End of the rib at location
E1 (see figure 7.38.

Figure 7.52: Cracks in the ribs at the E side of the slab.

Then the load was again increased until 130 kN and then until 145 kN. During this loading the already ob-
served cracks grew larger, but no new cracks appeared. At that point the metal loading plate, suddenly
punched through the top layer of concrete (see figure 7.53). At this point the loading was stopped and the
load was released. The load did not punch through the concrete of the 2 mesh slab, even though it reached a
higher value. This is most likely because of the extra reinforcement mesh in the top slab of the 2 mesh slab.

The sum of all the load cells varied by 1% or less with the applied load. The sum of load cells RO1-RO5 and
the sum of load cells RO6-RO10 were equal to approximately 50.5% and 49.5% of the total load respectively.
The load distribution are shown in figure 7.54, the rotation, slip and strain in figure 7.55 and the rib load-
deflection diagrams in figure 7.56.
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Figure 7.53: The loading plate punched through the top layer of the concrete.

(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.54: The distribution for R01 to R05 and R06 to R010 of the 1 mesh slab.
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(a) The rotation of the 1 mesh slab (b) The slip of the 1 mesh slab

(c) The strain of the 1 mesh slab

Figure 7.55: The rotation, slip and strain of the 1 mesh slab.

Figure 7.56: The deflection at half of the centre of the ribs.

First of all the distribution of the load will be analysed. At the start the distribution is different at both edges.
On the side which was close to the load in the previous test, the middle three ribs have a near equal contribu-
tion at an average of 27.5%. While on the other side of the slab the rib 3 bears 30% of the load and rib 2 and
4 only 22.5%. Ribs 1 and 5 are almost equal on both sides, their contribution being slightly higher at 12.5%
compared to 10%. This initial difference could have been caused by the test performed at a quarter span
length. This initial effect diminishes after increasing the load and at the end, both distribution diagrams look
practically the same. After the initial stage, the distribution changes rather drastically up to approximately
105 kN. The contributions of ribs 1 and 5 decrease dramatically from 10% to 0% or nearly 0% on the RO1-RO5
side. Ribs 2 and 4 do not undergo a large change of contribution, but on both sides the average contribution
at point of failure is 27%. The contribution of rib 3, at point of failure, ends up with approximately 45%. This
distribution differs from the one found for the 2 mesh slab mainly in the contribution of rib 3 and of ribs 1
and 5. Again the disturbance at 105 kN of loading can be seen when the slab exhibited large cracking sounds.
But, as in the other tests, the cracking does not disturb the distribution of the load much. Only RO2 and RO4
get upset a bit, but after increasing the load another 20 kN, they are back to the trend line they were following
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before the disturbance.
The decrease of load contribution from ribs 1 and 5 can also be seen in the rib load-deflection diagrams in
figure 7.56. Ribs 2,3 and 4 show two different phases. All of them have a bend in the curve at a deflection of 15
mm. Ribs 1 and 5 behave very differently though. Their linear phase only lasts until their deflection reaches
1 mm. After that a peak is reached and the load contribution starts to fall. The cracking event occurs when
ribs 1 and 5 reach a deflection of 10 mm, then the contribution jumps up slightly as a consequence of the
disturbance. After that slight jump the contribution quickly falls back to 0%. The stiffnesses for the ribs are
shown in table 7.4.

Table 7.4: The rib stiffness value for each of the ribs in the 1 mesh slab.

Rib number Deflection
interval
[mm]

Stiffness
[kN/mm]

Deflection
interval
[mm]

Stiffness
[kN/mm]

Deflection
interval
[mm]

Stiffness
[kN/mm]

1 0.0 - 1.0 3.5 1.0 - 15.0 0.0 - -

2 0.0 - 1.5 5.3 2.0 - 15.0 1.8 15.5 - 30.0 0.7

3 0.0 - 1.5 5.3 2.0 - 15.0 2.7 15.0 - 48.5 0.7

4 0.0 - 1.5 5.3 2.0 - 13.75 1.8 15.5 - 30.0 0.9

5 0.0 - 1.0 3.5 1.0 - 16.25 0.0 - -

As for the slip measurements, one LVDT fell off the test specimen before the test was started. The other LVDT
did provide data. The slip was increasing only slowly until the large cracking could be heard at a load of 105
kN. After that the slip suddenly switched sign and sharply increased in the negative direction. This means
that the concrete was moving outwards relative to the steel deck. Although the maximum slip of 1.1 mm is
still not very large, this slip, which was observed as well in the 2 mesh slab, could be a significant event.
When analysing the rotation, it is seen that all the ribs have a rotation that is approximately the same. This
was also seen in the test of the 2 mesh slab. The rotation that is expected based on the deflection of the ribs,
assuming that the top slab remains straight, is calculated in equation 7.2. The calculation is for rib 2 and 4,
but the calculation for ribs 1 and 5 yields the same result. The 1.57 degrees of expected rib rotation corre-
spond nicely to what is found by the rotation gauges. A glaring difference with previous results though, is the
fact that rib 3 also rotates significantly. Rib 3 rotates in the direction of rib 1 and 2.

θr i b4 = arctan

(
δr i b3 −δr i b4

Br i b3−4

)
= arctan

(
46.5−30

600

)
= 1.57 deg r ees (7.2)

The rotation, that starts to increase more rapidly when the load reaches 105 kN, could be explained by look-
ing at the strain that occurs in the test specimen. It is seen that the strain in strain gauges 2 and 3 starts to
increase immediately Shortly thereafter gauges 1 and 4 also show some slight activity, but these gauges never
reach any significant value. Gauge 2 also decreases again, while at the same time gauge 3 increases rapidly.
The yield strain of the steel deck is 1900 µε and this is exceeded by a large margin. The largest strain reached
is approximately 3375 µε. The fact that one side of the deck is yielding explains that the other side decreases
in strain and that the middle rib starts to rotate towards one side.

NO MESH TEST SPECIMEN

The slab without reinforcement was tested last in the series. The expectation was that the test specimen
would collapse rather quickly. Therefore the load was increased very slowly at about 2 kN per minute. The
loading was stopped at regular intervals of 15 kN at first and then of 10 kN. The test specimen did not exhibit
large cracking until 53 kN of loading was reached. At that point cracks were discovered in several ribs, as can
be seen in figure 7.57.
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(a) The end of the rib
at location A1 (see

figure 7.38.

(b) The end of the rib
at location A2 (see

figure 7.38.

(c) The end of the rib
at location A3 (see

figure 7.38.

(d) The end of the rib
at location A4 (see

figure 7.38.

(e) The end of the rib
at location A5 (see

figure 7.38.

Figure 7.57: Cracks in the ribs at the A side of the slab.

The cracks observed in ribs 1 and 4 are in the same location as in the 1 mesh slab. The cracks in ribs 2, 3 and 5
are curious however. Both ribs 2 and 3 show cracking on the left side of the rib, indicating that they could be
rotating in the other direction. Rib 5 even shows cracking on both sides of the rib. The existing cracks propa-
gated throughout the test and all ribs showed signs or had developed cracks on both sides. This phenomenon
is discussed further in chapter 8. This was also seen on the other side of the test specimen. Photographs of
the propagating cracks on the RO1-5 side and the RO6-10 side respectively can be seen in figure 7.58.

(a) Overview of the A side of the slab (see figure 7.38. (b) Left side of the E side of the slab (see figure 7.38.

Figure 7.58: Cracks in the ribs at the A side of the slab.

The load was eventually increased until 105 kN and loud cracking noises could be heard as in the other tests.
But immediately following the cracking, the test specimen cracked over the length of the slab, this can be seen
in figure 7.59.
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(a) Longitudinal crack alongside rib
3.

(b) Longitudinal crack alongside rib 3.

Figure 7.59: Longitudinal crack in the slab at a load of 105 kN.

The load suddenly fell back to 90 kN. The load was again further increased after a short inspection of the
test specimen. The load did not increase any further though, since the test specimen kept compensating by
deflecting more and more. After deflecting further for another 2 mm, the top slab completely cracked on the
side of rib 3. The entire top slab cracked through and rib 1 and 2 were no longer connected to the rest of
the test specimen, except for the steel deck. The resulting crack can be seen in figure 7.60.After the top slab
completely cracked and the load fell back even further, the loading was stopped.

(a) Longitudinal crack alongside rib 3.

(b) Longitudinal crack
alongside rib 3.

(c) Detail of the longitudinal
crack alongside rib 3.

Figure 7.60: Longitudinal crack in the slab after the test was stopped.

The sum of all the load cells differs with the applied load by approximately 0.5% throughout the test. Load
cells RO6-RO10 bear about 49% of the total load and RO1-5 bear 51% of the load. This is the same distribution
of the load that was observed in the 2 mesh and 1 mesh slabs.
The distribution are shown in figure 7.47, the rotation, slip and strain in figure 7.48 and the rib load-deflection
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diagrams in figure 7.49.

(a) Distribution for RO1 to RO5 (b) Distribution for RO6 to RO10

Figure 7.61: Distribution for R01 to R05 and R06 to R010 of the 0 mesh slab.

(a) Rotation of the 0 mesh slab (b) Slip of the 0 mesh slab

(c) Strain of the 0 mesh slab

Figure 7.62: Rotation, slip and strain of the 0 mesh slab.

At a first glance the distribution graphs for both sides of the slab look fairly similar. The largest difference that
can be seen right away is the fact that rib 4 carries more load on the RO9 side of the slab. Another observation
is that the distribution graphs have two clear phases. The first phase lasts until approximately 65 kN of load-
ing. After that point the distribution changes completely. rib three increases in contribution rapidly on both
sides, while ribs 1 and 5 decrease their contribution at equally rapid rates. Ribs 2 and 4, however, on average
remain fairly constant in their contribution. It is striking that RO9 initially contributes much more than RO8.
Until the 65 kN mark, the load is quite equally distributed. At 60 kN RO3 bears only 40% of the load, rib 2
and 4 both 22.5% on average and rib 1 and 5 on average 7.5%. This is almost the same distribution that was
found in the 1 mesh and 2 mesh slabs. Then the cracks that appeared in the top slab grew larger and larger
and this can be seen in the distribution as well. The contribution of the outer ribs, 1 and 5, falls to 0%. The
contribution of rib 3 rises much higher to eventually reach 70%. This value of contribution is much higher,
than what was found in the other test specimens.
At this point the longitudinal crack along rib 3 appeared and the applied load is reduced. The distribution
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Figure 7.63: A graph showing the deflection at half of the span length for the corresponding force in the ribs.

does not change drastically. Rib 3 keeps about 65% of the load. Strikingly the contribution of ribs 1 and 5
becomes negative. This means that the load measured by the load cells becomes lower than the initial values
caused by the weight of the test specimen. This indicates that the sides of the slab are uplifted somewhat. It
is possible that the deflection at rib 3 causes the sides of the slab to uplift with ribs 2 and 4 respectively being
the rotation points. This would require extra rotation in the centre of the slab and this is exactly what can be
seen in the rotation graph. After reaching the 105 kN mark, rib 3 increases rapidly in rotation. It had already
rotates far more than the other ribs by that point.

While observing the slip measurements it can be seen that Slip 1 begins to increase after 65 kN. This also
the point of loading at which the distribution starts to change. The slip is positive, meaning that the steel
deck is moving outwards relative to the concrete. Although the slip values are still low at 0.5 mm, they are
in the opposite direction as was expected. This slip starts at the same moment as rib 3 is starting to raise its
contribution. So the load is becoming more concentrated in the middle rib. Possibly the steel deck in the
middle rib is already yielding at this point and then the increased strain would cause the steel deck to come
outwards somewhat. When 105 kN is reached though, slip 2 starts measuring slip in the other direction. The
steel deck is now moving inwards relative to the concrete. At his point the deck and the concrete are likely
no longer connected by a chemical bond. The concrete therefore starts moving outwards due to the bending
of the slab. This is expected behaviour for two components who do not share a shear connection any longer.
Interestingly though, the slip on the other side of the slab remains constant. And it has to be noted as well
that the total slip on both sides remains low and does not become more than 0.75 mm. More slip is probably
prevented by the mechanical connection of the embossments. Regardless the slip measured remains very
small throughout the test.
Looking at the strain measurements it can be seen that gauges 1 and 4 remain inactive throughout the test.
Even strain gauge 3 hardly exhibits any reaction at all. Strain gauge 2 is again the most active part of the steel
deck, but even gauge 2 only reaches 800 µε. This is much lower than the 3375 µε found in the 1 mesh slab
and even lower than the 1500 µε found in the 2 mesh slab. A question then arises. If rib 3 rotates so much,
then where does this rotation come from, if not from yielding of the steel deck. If one again calculates the
expected rotation based on the deflection of the ribs, as is done in equation 7.3, one finds the rotation that
is more or less equal to the rotation that is found in ribs 1,2,4 and 5. Rib 3, however, rotates up to 3 degrees.
This rotation capacity has to come from somewhere and it does not come from the yielding of the steel deck.
But the longitudinal crack that appeared, see figure 7.60c, is opened up very wide. This crack will probably
provide the slab with enough rotation capacity to allow rib 3 to rotate as far as it did.

θr i b5 = arctan

(
δr i b3 −δr i b5

Br i b3−5

)
= arctan

(
22.0−7.5

1200

)
= 0.70 deg r ees (7.3)

Now the rib stiffness will be analysed again. The rib load-deflection diagram of the slab without reinforce-
ment meshes has two clear stages. In the first phase the behaviour is still quite linear. This was already seen
in the distribution graphs. But after a certain load value is reached, the outer ribs 1 and 5 stop contributing
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completely. After another small load increase the load in ribs 2 and 4 stops increasing. But the load they both
bear does not fall as those of ribs 1 and 5. The curious behaviour of rib 3 is that at a deflection of 7.5 mm the
load-deflection behaviour becomes more stiff. Whereas the previous test specimens both had a stiff phase
first and a weaker plastic phase afterwards, this rib does not. The other ribs do follow the same stiff-weak
pattern and only rib 3 exhibits this behaviour. The explanation of this phenomenon is again sought in the ini-
tial values of the load cell. Because of the stiff behaviour of RO9 at the start of the experiment caused RO8 to
lag behind what it would otherwise reach. The explanation is visualized by figure 7.64. Because of the higher
initial value of load cell RO9, that load cell temporarily draws more load. But while the initial distribution is
influenced by the load cell set-up, the ultimate load capacity of the ribs and the top slab are not. The left graph
in figure 7.64 shows the expected load-deflection diagrams for all ribs without initial stiffness discrepancies.
In the right graph of the same figure the initial stiffnesses of RO9 and RO8 have been increased and decreased
respectively without changing their ultimate loading values. Because of the increased load in RO9, it reaches
the point (point 2) more quickly, where the load cannot be transferred through to top slab to this rib any more.
At the same time point 1, which would normally lie higher than the contributions of RO7 and RO9, at which
rib 3 changes from its elastic to its plastic phase, is lowered. After RO9 has reached its ultimate value the new
increase in the applied load will now concentrate more on RO8. And because the ultimate loading value of
RO8 has not changed, the rib has to gather new load more quickly. Therefore it seems as if the stiffness of rib
3 has increased in the second phase, while actually the initial stiffness was lower than it should have been in
the first place. The stiffness values for the ribs are shown in table 7.5.

Figure 7.64: A figure showing the load-deflection diagrams for RO6-RO10 with different initial stiffnesses for RO8 and RO9.

Table 7.5: This table shows the rib stiffness value for each of the ribs in the slab without reinforcement mesh with the load at half of the
span length.

Rib number Deflection
interval
[mm]

Stiffness
[kN/mm]

Deflection
interval
[mm]

Stiffness
[kN/mm]

1 0.0 - 5.0 1.2 - -

2 0.0 - 6.0 2.0 6.0 - 9.0 4.3

3 0.0 - 7.0 2.8 2.0 - 15.0 5.0

4 0.0 - 7.0 2.8 7.0 - 13.0 0

5 0.0 - 5.0 0.8 - -
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COMPARISON AND EVALUATION OF TEST RESULTS

The comparison and analysing the differences, will focus mostly on the distribution of the load and the stiff-
nesses of the ribs. These are, after all, the most important aspects with regards to the analytical model.
First the distribution of the load per side of the slab has to be discussed. The difference between the sum of
the load cell values and the applied load remained mostly under 1% and this is an acceptable error margin.
However, in all the three tests the side with load cells RO6-RO10 consistently carried about 49% of the total
load and the other side of the slab about 51% of the total load. In order to get a 2% difference between both
slab sides, the load would have to be misaligned by 54 mm. This misalignment does not have a significant on
the test results.
Now the load distribution in the slabs will be evaluated. In order to perform the analysis in a structured
manner, the distributions on the RO1-RO5 side of the slab for several load stadia are shown in table 7.6. The
corresponding deflection values at the location of the loads are shown in table 7.7. It is chosen to use the
values of the RO1-RO5 load cells in order to avoid interference caused by the tests enacted at a quarter of the
span length. The loading values 10 kN, 60 kN and the peak load are chosen for the following reasons. 10 kN
is the lowest loading value at which the initial imperfections have been evened out and at the same time it
is the maximum standard load which can be applied according to the Eurocode. This is thus considered to
be the actual initial distribution of the test specimens. At 60 kN the slab without reinforcement has reached
the end of its linear phase and also the 1 mesh slab is starting to change its distribution. The peak loading
value represents the distribution in the ultimate limit state. All the test specimens’ methods of distribution
have been utilised, so at this stage the difference between all the mesh configurations should be very clearly
observable.

The distribution at at load of 10 kN will be considered first. At this load the initial settlements in each slab has
been evened out, so this can be considered the initial distribution for when each test specimen is loaded. The
intial distribution is very similar. The largest differences are in the outer ribs and even then the maximum
difference is only 3%. Therefore the average initial distribution for each slab is approximately 12%, 22%, 32%,
22% and 12%. This means that reinforcement hardly influences the initial distribution of the load over the
ribs. That would mean that the combination of the rib stiffness, the concrete and steel deck of the top slab
determine the distribution at this level of loading.
The distribution at a load of 60 kN is different especially rib 1,3 and 5 are affected. The 2 mesh slab still has
the same distribution as at 10 kN. But the 1 mesh slab and the 0 mesh slab have an increased contribution of
rib 3. This increase in contribution is attracted mainly from ribs 1 and 5. At this point the difference caused
by the reinforcement mesh configurations can thus already be clearly seen.
The last load step is the peak loading value. From the size of the ultimate load, the difference can immediately
be spotted. The 0 mesh slab, failed right away after the bonding with the steel deck was lost at 103 kN. The
load in rib 3 had increased drastically after reaching 65 kN. The cracks, which had already appeared on both
ends, grew continuously and caused more load to be concentrated in the centre. The cracks allowed the slab
sides to rotate further upwards than was possible in the other slabs. This eventually caused ribs 1 and 5 to
uplift somewhat. At the final stage of the test, rib 3 carried 75 % of the load on each side.
For the 1 mesh slab the change in distribution, from the initial values to the ultimate limit state, happens
more gradually. From a load of 40 kN onwards, the decrease in load contribution in ribs 1 and 5 can already
be observed. At the same time rib 3 starts increasing and ribs 2 and 4 remain almost at the same level. Large
longitudinal cracks do not appear in this slab, preventing excessive rotation and complete failure of the con-
crete top slab. The single reinforcement mesh does not prevent the outer ribs from becoming completely
ineffective in carrying the load. In the ultimate limit situation the load is carried only by the central three ribs
and of that load 45% is located in rib 3.
The distribution of the 2 mesh slab has hardly changed over the course of the testing. After applying a load of
165 kN, the contribution of rib 3 has risen from 31% to 36% and that of the other ribs has fallen ever so slightly
to accommodate this increase. Another striking difference with the other mesh configurations is that outer
ribs 1 and 5 still contribute carrying of the load. This was completely absent in the other slabs. The extra
distribution of the second reinforcement mesh can be seen in these results. This thought is strengthened by
the fact that the strain in the steel deck in the transverse direction is much lower in this slab than it was in the
1 mesh slab. This 1 mesh slab relied much more on the steel deck to transfer the forces sidewards, whereas a
second reinforcement mesh alleviates much of the stresses in the steel deck. The slab without reinforcement
did not even reach the stage at which the steel deck would start to matter significantly, because the concrete
top slab failed immediately after it came loose from the deck.
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Table 7.6: Distribution per rib on the A-side of the test specimens

Test specimen

Load [kN] Rib number No mesh [%] 1 mesh [%] 2 meshes [%]

1 12 14 15

2 21 22 22

10 3 32 32 31

4 25 23 24

5 10 9 8

1 8 9 13

2 21 24 21

60 3 41 37 32

4 25 23 25

5 6 8 8

1 -9 3 12

2 21 26 21

103 3 76 44 35

4 16 25 25

5 -4 3 7

1 - 0 11

2 - 29 21

145 3 - 45 36

4 - 25 24

5 - 2 8

1 - - 11

2 - - 21

165 3 - - 36

4 - - 24

5 - - 8

The behaviour of the steel deck in cooperation with the reinforcement deserves a closer look though. If one
examines the distributions of the 1 mesh slab and the slab without mesh, one can see that until 60 kN the
distributions are nearly equal. After that point the differences between the two test specimens start to occur.
This suggests that the reinforcement mesh starts influencing the behaviour at that point. While the load is
increased from 0 to 60 kN, the load is also slowly increasing in rib 3 already although not as strongly. It is
therefore thought from the start the concrete in top slab started to crack from the bottom. It is assumed that
at 60 kN the cracking has reached the level of the top reinforcement, where it is either stopped by the mesh
or it is able to continue in the absence of a reinforcement mesh, see figure 7.65 middle and 7.65 right respec-
tively. In the 2 mesh slab on the other hand the cracking is stopped at a lower level, see figure 7.65 left.

At approximately 105 kN the horizontal shear forces between the steel deck and the concrete have become
too large for the chemical bond between the two materials to handle. Thus the steel deck shears away from
the concrete. At this point the concrete in the slab without mesh has to bear the vertical shear forces on its
own. Since the cracking has propagated so far that the remaining uncracked area is not enough to bear this
stress. Thus the top slab cracks completely, as depicted in figure 7.65 right. The slab with 1 reinforcement
mesh did not crack as much and also had the mesh to support with transferring the vertical shear load. At
this point the steel deck starts to act in conjunction with the compression zone in the concrete of the top slab,
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Table 7.7: Centre deflection per rib

Test specimen

Load [kN] Rib number No mesh [%] 1 mesh [%] 2 meshes [%]

1 0.33 0.32 0.50

2 0.34 0.36 0.50

10 3 0.51 0.52 0.50

4 0.34 0.36 0.50

5 0.33 0.32 0.50

1 5.00 4.50 4.30

2 5.80 5.50 4.80

60 3 6.50 6.50 5.60

4 5.80 5.50 4.80

5 5.00 4.50 4.30

1 7.75 9.00 10.50

2 13.25 12.25 12.75

103 3 18.75 15.50 15.00

4 13.25 12.25 12.50

5 7.75 9.50 10.25

1 - 15.50 18.50

2 - 30.00 24.00

145 3 - 46.50 28.25

4 - 30.00 22.75

5 - 15.50 17.25

1 - - 20.50

2 - - 28.67

165 3 - - 36.60

4 - - 28.67

5 - - 20.50

as depicted in figure 7.65 middle. As for the 2 mesh slab, it can rely on both the steel deck and more so on the
bottom reinforcement mesh in order to transfer the loads sidewards, see figure 7.65 left.

As for the slip the following is thought to happen. At first the steel deck is elongating slightly because of the
bending stresses in the steel deck. The elongation is more than that of the concrete since the concrete will
crack and then stop transferring tensile stresses. When the steel deck and the concrete shear away from each
other, the composite action is partially lost and the concrete slips outwards relative to the steel deck, see fig-
ure 7.66. The slip is kept small though, because of the mechanical interlocking with the embossments. If the
deck would not be embossed, the slip would most likely be much larger.

Finally the rib load-deflection diagrams will be compared and evaluated as well. As found in the non-destructive
tests, the outer ribs 1 and 5 react much less stiff than the central three ribs. Their deflection is much greater
for a lower amount of load on the rib. It seems as if the stiffness of these ribs even smaller than that of the
middle three ribs at very small deflections and loads. Even when one looks at the behaviour of the ribs at
deflections smaller than 1 mm, the stiffness of ribs 1 and 5 is still lowered compared to that of ribs 2,3 and 4
(see figure 7.56). This strengthens the idea that the stiffness behaviour of the ribs is not solely based on the
rib itself, but also on whether there are ribs on either side or not. These boundary conditions seem to have a
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Figure 7.65: A frontal cross-section of the top slab illustrating the expected top slab behaviour for all mesh configurations under
increased loading.

Figure 7.66: A figure illustrating the expected slip that will occur in the test specimens when the deck and concrete are no longer
attached to each other.

large effect on the initial stiffness.
Then when the initial phase in which the concrete is uncracked has passed, the reinforcement becomes ac-
tive. In the 2 mesh slab the stiffness of ribs 1 and 5 still is only about 20% of that of rib 3 and 33% of ribs 2 and
4. To assume that all the ribs have the same stiffness behaviour, is thus most likely not true to reality. With the
2 mesh configuration it is still able to transfer load from the centre towards the slab sides. In the 1 mesh slab
this is already very quickly longer the case and the stiffness of ribs 1 and 5 falls to 0. Their load contribution
decreases, but their deflection keeps increasing. Therefore it seems as if they are dragged down by the other
ribs without resisting this deflection. In the slab without reinforcement mesh an even more extreme thing
occurred, the load in the outer rib load cells actually decreased below the values that were initially measured
due to the self weight. This indicates that the slab is locally uplifted at that point. Therefore, the following
is thought to have happened. When a square plate, which is simply supported on all sides, is loaded by a
concentrated force in the centre uplift will occur at the corners. This is visualized in figure 7.67a. Of course
the composite plates that were used in the experiments are not simply supported on all sides, but they do
have a different ratio of bending stiffness in the transverse direction and the longitudinal direction.
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(a) The iso-deflection lines of a
square plate loaded by a

concentrated force in the centre. (b) The approximate iso-deflection lines of the slab without reinforcement mesh
loaded by a concentrated force of 90 kN.

Figure 7.67: The graphs depicting the rotation, slip and strain of the slab without reinforcement meshes set against the total load in the
centre.

Because of the different bending stiffnesses in the both cardinal directions the deflection iso-lines are oval.
In the case of the square plate with equal bending stiffness in both directions they are circular and in the case
of a plate simply supported on both edges and with equal bending stiffnesses they would be straight, with
an equal deflection at every length of the slab across the with. A approximate iso-deflection diagram of the
slab without reinforcement mesh is shown in figure 7.67b. It can be seen that the deflection is indeed oval
shaped with the centre being around the middle rib. The supports of the outer rib are in the lowest deflection
zones and if the load is increased far enough should begin to uplift as they would do for the square plate. This
would explain why the load decreased to below the initial load cell values for the test specimen without a
reinforcement mesh. The ends of the slab were pushed upwards by the deformation of the slab and thus the
load decreases. The 1 mesh slab would have been influenced by the same effect but to a lesser extend because
the slab is more stiff in the transverse direction because of the added reinforcement mesh. Thus eventually
the load in the outer ribs does decreases to zero, but does not get uplifted. This effect would also explain why
the outer ribs continue deflecting while no increase in load is measured at the supports. At the centre of the
slab, some load is indeed distributed towards the sides by the remaining parts of the top slab, but at the ends
of the slab, this load increase is negated by the uplift caused by the deformation of the slab. This theory is
strengthened when one compares the same iso-deflection diagram made for the 2 mesh slab which is shown
in figure 7.68. There it can be seen that the iso-lines are much more circle-shaped and have even begun to
become slightly elliptical in the other direction. This means that at the length of the supports, the deflections
will have evened out a lot and the differences per rib will be quite small. Therefore no uplift occurs in this test
specimen and the load increase in the outer ribs can be measured at the supports.

The phenomenon above also partially explains why in the rib load-deflection diagrams seem to show that the
outer ribs are less stiff than the central three ribs. Because the load deflection diagrams show the deflection
at the point of loading, but the load is measured at the end of the rib. Between these two points redistribution
of the load has already taken place. At the location of load application the load has a certain distribution
over the ribs, but at the end of the slab where the load cells are located, the distribution has changed again.
This redistribution strongly depends on the stiffness of the top slab and the damage that it has or has not
sustained. The idea of considering each rib as a separate beam with a separate stiffness has thus been thor-
oughly undermined. Because comparing the load found at the end of the slab with the deflection found in
the middle at the location of the load, thus incorporates not only the stiffness of the rib itself, but also that of
the top slab and the damage it has taken up until that point. The value that is found by measuring the slope
of the rib load-deflection diagram is thus more of an effective stiffness property of the slab as a whole instead
of only the single rib. This knowledge can also be used again in chapter 8, where the analytical model will be
used to reproduce the test results.

The total size of the deflection differs for each specimen as well. The addition or removal af the extra rein-
forcement mesh seems to matter greatly in this regard. The 2 mesh slab reaches a maximum deflection of
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Figure 7.68: The approximate iso-deflection lines of the 2 mesh slab loaded by a concentrated force of 80 kN.

approximately 35 mm at a load of 165 kN, while the 1 mesh slab is already deflected to 46 mm at a load of 145
kN. The weaker top slab causes the load to concentrate more in the middle rib. This in turn causes the middle
rib to deflect more and indeed the difference in deflection between the middle rib and ribs 2 and 4 is greater in
the 1 mesh slab than it is in the 2 mesh slab. Comparing the slab without reinforcement with the 1 mesh slab,
the effect is less profound. Indeed the slab without a reinforcement mesh only reaches a maximum load of
105 kN, but at this load level the deflection is 11 mm and this is only 1 mm more than the 10 mm in the 1 mesh
slab. The greatest effect for the slab without mesh is that the ultimate load has decreases so significantly. But
even at the small load of 10 kN the difference in deflection can already be seen, see table 7.7. The 2 mesh slab
has equal deflection across all ribs, while the other two slabs have an increasingly smaller deflection towards
the sides of the slab. So even while the distribution of the forces at this point is very similar, the deflection is
already starting to diverge between the three types of mesh configurations.

And finally the cracking patterns that were found during the experiments will be examined more closely. Ini-
tially it was expected that the moment diagram would have the shape that is shown in figure 7.69a because of
the rotation resistance of the ribs. Because of this it was thought that the top slab would crack at the bottom
and the top in an alternating way, because of the alternating bending moments.

(a) High rib rotation stiffness
(b) No rib rotation resistance

Figure 7.69: The shape of the moment diagram over the width of the top slab with and without rib rotation stiffness respectively.

But since the ribs are not joined to another structure by concrete or restrained in any other way, the rotation
resistance of the ribs is likely to be very low. It is therefore probably that the moment diagram has a shape
similar to what is shown in figure 7.69b. This means that the entire top slab is subjected to a positive bending
moment across the width of the slab. In the 2 mesh slab, no cracks where found because this slab did not only
have the steel deck but also two reinforcement meshes to support it. The 1 mesh slab showed cracks because
it did not have the bottom mesh and the slab without reinforcement meshes showed the largest cracks en-
tirely according to expectations.
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7.4.2. TEST AT QUARTER OF SPAN LENGTH
The test at a quarter of the span length was performed first for all test specimens. This means that the test
specimen was yet uninfluenced by previous testing, but of course it is possible that transportation did influ-
ence it in some way. The influence of transporting the test specimens is hard to determine though, since any
cracks that did occur are on the bottom side of the concrete where the steel deck is covering the slab.
Because the test at a quarter of the span length was non-destructive for all test specimens, the applied load
was not very large. This was done so in order to keep the test specimens in the linear elastic zone. Conse-
quently the deflections, rotation, strain and slip were also quite small. Therefore the slip, strain gauge and
rotation measurements will not be shown in this section and are instead given in appendix G. For each test
the maximum values of the slip, rotation and the strain that occurred will be given first. The sum of all the
measurements of the load cells on one side and on the other side of the test specimen was also taken. This
was compared to the total applied load, to find which percentage of the total load both sides of the slab were
carrying. Since the load was applied at a quarter of the span it is expected that the far side of the slab will
carry about 25 % of the load and the side close to the press about 75%. The sum of all load cells was also
taken in order to find the difference between the external and internal forces. This deviation value will also
be mentioned per test.
Then the distribution of the load over the ribs will be discussed. That is the most important issue of course.
Secondly, the load in each rib and the deflection of said ribs will be evaluated. Doing this gives a means of
evaluating the stiffness of each of the ribs and doing so is also important for the rib stiffness features strongly
in the analytical model. For the load-deflection diagram of the ribs the values of both load cells on each side
of a rib are summed up and the deflection at the location of the load is also used.

2 MESH TEST SPECIMEN

The test specimen with two reinforcement meshes in the top slab was the first to be tested of the series. The
load acting on the test specimen was first increased relatively quickly within a few minutes until 25 kN. After
that increasing the load was shortly stopped to inspect the reactions occurring in the test specimen. Then the
load was again increased until it peaked at 50 kN, after which the set-up was left standing for a while and so
the load drifted back to about 48 kN.
The rotation of the ribs remained nearly constant throughout the test and never rose over 0.05 degrees. The
slip 1 measurement steadily rose throughout the test to a maximum of approximately 0.03 mm and the slip
2 measurement also rose steadily to about 0.0125 mm. Strain gauges 1 and 4 gave almost constant values of
no more than 5 µε and strain gauges 2 and 3 rose to their respective maximums of 20 and 30 µε. The sum
of the load cells indicates that the far side of the slab indeed carries 25 % of the load and the close side 75%.
The difference between the applied load and the sum of the load cell values remained fairly constant at about
0.5% and thus was quite small.

(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.70: Distribution for R01 to R05 and R06 to R010 in the 2 mesh slab.

Figure 7.70 shows the distribution for both sides of the slab. The distribution of RO6 to R010 shows clearly that
central rib carries the larger part of the load. Although the contribution of RO8 does increase proportionally
to the applied load, it does not increase far above 35%. The ribs directly adjacent to the central rib, RO7
and RO9, do not have exactly the same contribution but on average they both contribute about 25%. The
difference could be caused by the differing initial values of their respective load cells. These values where
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about 1 kN apart and remain so throughout the test. Both of the outermost ribs carry 5% each. RO1 and RO5
again do not give the exact same contribution, but this is probably also caused by the difference in the load
cells.
For load cells RO1 to RO5 a different pattern emerges. The middle three ribs, RO2, RO3 and RO4, are now very
close together in terms of contribution. They vary from 23% to 30% and interestingly the central rib does not
carry the largest load but only 26%. The outermost ribs do not carry the same amount this time but carry
about 8% and 12.5% respectively. It is obvious that the load is far more equally spread out over the central
three ribs and also the outermost ribs have increased contributions. This is likely due to the longer distance
between the applied load and the load cells RO1-RO5, giving the slab more length to redistribute the loads.

Figure 7.71: Deflection at a quarter of the span length for the corresponding force in the ribs.

The graph in figure 7.71 shows the deflection directly underneath the load in each of the ribs set against the
force in the ribs. From the slope of this graph the stiffness of each rib can be calculated. The interesting thing
to note is that the ribs have different stiffnesses. The central rib acts much stiffer than the other ribs and
deflects less when bearing the same amount of load. The outermost ribs react much weaker than the middle
three ribs. They deflect only about 40% less than RO8 while bearing about 85% less load. It seems as if the
outer ribs get dragged down by the deflection of the central rib without the outer ribs resisting this motion.
Because the rib stiffness is a major point of interest for both the comparison of the test results and for the
analytical model, these values are given in table 7.8.

Table 7.8: Rrib stiffness value for each of the ribs in the two mesh slab with the load at a quarter of the span length.

Rib number Stiffness [kN/mm] Relative size to rib 3 [%]

1 2.5 28.6%

2 7.5 85.7%

3 8.75 100.0%

4 7.5 85.7%

5 2.5 28.6%

1 MESH TEST SPECIMEN

The second test specimen to be tested was the slab with only 1 mesh of reinforcement in the top slab. The
load was first increased to about 20 kN and at that point it was shortly kept there. Then the load was further
increased until 40 kN. Then a slightly longer break was held and finally the load was increased to 50 kN which
was the peak load for the test at a quarter of the span length.
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The rotation of all ribs remained very small during the test and none came higher than 0.005 degrees, except
rib 1 which steadily increased and rotated by maximum of 0.035 degrees. The slip of slip 1 increased to 0.08
mm and slip 2 hardly showed any displacement at all. Strain gauges 1 and 4 got to a strain of 10 and 15 µε
respectively and gauges 2 and 3 both reached about 35 µε. The 25%-75% distribution of the load per slab side
was again found. Although the sum of all the load cells did have about 1.5% less load than the totally applied
load throughout the test. This is a slightly larger error than in the other tests, but it is still acceptable.

(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.72: Distribution for R01 to R05 and R06 to R010 respectively of 1 mesh slab.

In figure 7.72a the distribution on the side close to the load can be seen. Contrary to the slab with two meshes,
this slab shows that the middle three ribs have a very similar contribution. RO8 still carries the most load with
35%, but RO7 and RO9 also carry 25% and 30% respectively. The outermost ribs are again close together, both
at 5% of the load. There are some slight changes in the distribution throughout the test. But the changes that
did occur are quite small. Only at the start of the test large changes can be spotted, indicating that there were
some initial imperfections in the slab that had to be overcome first before the actual distribution was reached.
The difference probably cannot be attributed to the difference of the load cells, since their initial values are
quite close together.
On the other side of the slab at RO1 to RO5 a different distribution can be seen. The distribution on this side
remains quite constant throughout the testing. The central rib, RO3, clearly carries the largest part of the load
with 35%. The adjacent ribs, RO2 and RO4, are close together at approximately 21.5% and the outer ribs are
also close together at about 11.5% of the load. For both sides of the slab the loads of RO1-RO6, RO2-RO7,
RO4-RO9 and RO5-RO10 are reasonably close in terms of load contribution. More so than was seen in the
results of the two mesh test. In all of the graphs the dip in load around 40 kN can be observed, when the load
was not increased for a few minutes, before resuming the test.

Figure 7.73 again shows the rib load-rib deflection diagram of the 1 mesh slab. It can be observed that the
middle three ribs have a very similar load-deflection behaviour and the load borne by ribs 2 and 4 is almost
of the amount as that of rib 3. But again ribs 1 and 5 react much less stiffly than the others. Both of them
carrying only about 4 kN while ribs 2 through 4 carry almost three times that amount at the same deflection.
This result is very similar to the results found in the two mesh test. It is interesting to note though, that there
is a bend in the curve at approximately 1 mm of deflection for all ribs. The outer ribs start to go flat, deflecting
without increasing in load. This indicates that some sort of plastic behaviour phase has been reached in the
process that distributes load to these ribs. Probably the concrete in the top slab that has begun to crack. For
the rib 3 and the ribs 2 and 4 this is not a satisfactory explanation though. The load is placed directly above
rib 3 and does therefore not rely on the top slab. It is possible that the concrete in the ribs has begun to crack
at this load, thereby reducing the stiffness of the rib. All of the three central ribs exhibit the same curve and
continue on a linear path thereafter. Thus a transition from an uncracked to a cracked phase could be the
logical answer in this case.
The values of the rib stiffnesses are again given in table 7.9. Because two distinct stiffness phases can be
distinguished in the graphs, these phases are also indicated separately in table 7.9. Phase 1 is defined from 0
to 0.9 mm of deflection and phase 2 is defined from 0.9 mm deflection onwards.
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Figure 7.73: Deflection at a quarter of the span length for the corresponding force in the ribs.

Table 7.9: Rib stiffness value for each of the ribs in the one mesh slab with the load at a quarter of the span length.

Phase 1 Phase 2

Rib number Stiffness
[kN/mm]

Relative size
to rib 3 [%]

Stiffness
[kN/mm]

Relative size
to rib 3 [%]

1 2.7 30.9% 0 0%

2 8.75 100.0% 4.5 84.9%

3 8.75 100.0% 5.3 100.0%

4 7.5 85.7% 4.6 86.8%

5 3.5 40.0% 0 0%

NO MESH TEST SPECIMEN

Before the discussion of the results is discussed it should be noted that the slab was not completely undam-
aged before the testing started. In figure 7.74 a photo of the slab can be seen where a crack running along
the length of the slab is indicated on top of the slab. This crack was discovered after the transportation to the
laboratory. But the crack does not propagate further across the slab than to the half way point. It also does
not reach the end of the slab on the closer side in the photo. So it is suspected that this crack was caused by
the shrinking of the concrete. Although it remains possible that it was caused by rough handling during trans-
portation. But since during the hardening af the concrete the larger volumes in the ribs dry out at a slower
rate than smaller volumes in the top slab. These differing rates in drying and hardening are likely to cause
shrink cracks in the concrete since there is no reinforcement mesh to keep it together. The crack is visible on
the top side of the slab. If the depth of the crack remains within the compression zone of the top slab, the
influence on the test results should be small. But the depth of the crack is unknown, thus this cannot be said
with certainty. It is also possible that there are more cracks which are not visible since the steel profiled deck
covers the bottom side of the concrete slab.

The slab without top slab reinforcement meshes was performed last in the series. The load was very slowly
increased to 10 kN and then the load was not increased any further. This was done because of the fear of
damaging the test specimen in such a way that the destructive test would become meaningless. Therefore
the load was very slowly increased until 10 kN and then no further. The speed of increase of the load matters,
because the equipment was set to take a data point every second. So in order to get a sufficient amount of
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Figure 7.74: 0 mesh slab in the test set-up with the crack indicated with a marker on the top.

data points, the load was increased with only about a kN per minute.
The rotation of all ribs during this test was very small and constant over the ribs and only increased to about
0.03 degrees. The slip 1 measurement did not give any deflection at all. But this was due to the fact that the
LVDT measuring the slip was accidentally knocked off, when hoisting in the new test specimen. This was not
found out before the first test and thus only slip 2 provided data. Slip 2 rose to exactly 0.03 mm. Strain gauges
1 and 4 reached about 6 µε and strain gauges 2 and 3 got to around 10 µε. The 25%-75% load distribution over
the slab sides was again spot on. The sum of all the load cell forces differed from the applied load by never
more than 1% which is acceptable.

(a) The distribution for RO1 to RO5 (b) The distribution for RO6 to RO10

Figure 7.75: Distribution for R01 to R05 and R06 to R010 in the 0 mesh slab.

In figure 7.75 the distribution of the slab without reinforcement in the test at a quarter of the span length can
be observed. The distribution of RO6 through RO10 is very interesting. The middle rib, RO8, does not bear
the largest load and only carries 25%. The adjacent ribs, RO7 and RO9, both bear more at 27.5% and 44%
respectively. This is unlikely to be caused by the initial load cell values since the values of RO7 and RO8 are
very close and RO9 is only 1 kN higher. Both RO7 and RO9 are also quite far apart in terms of contribution.
And also RO6 and RO10 do not have exactly the same contribution with 2.5% and 7% respectively. Perhaps
these results can be explained by the fact that the load is still very low and that the slab did not deform enough
yet to settle in the expected distribution and even a small difference in load will be relatively large in terms
of changes in percentage. Or perhaps it is because the load is placed so close to the supports on this side. Or
it is possible that other shrink cracks have formed in this part of the slab can not be observed because of the
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steel deck. The slab hardly deflects at all as can be seen in figure 7.76, less than 0.5 mm. So if the slab has
some initial imperfections which favour the distribution to the adjacent ribs, the slab does not have sufficient
length to assume a distribution in which the central rib carries most of the load.
This second thought seems to be confirmed by the values found in load cells RO1 through RO5. AFter the
initial settlement period, RO3 clearly bears most of the load (35%) on that side of the slab. Load cells RO2 and
RO4 have very similar contributions, both around 21%. The outermost ribs, RO1 and RO5 are slightly farther
apart at 10% and 13% respectively. This distribution is actually very similar to what was found on the far side
in the 1 mesh slab test. The central rib still only bears 35% which is not a very large amount, considering there
is no reinforcement in the top slab to assist in the distribution process. This means that the concrete without
reinforcement still distributes the load quite nicely, at least for small loads such as these.

(a) Deflection at a quarter of the span length for the
corresponding force in the ribs.

(b) Deflection at a quarter of the span length for the
corresponding total applied force on the slab.

Figure 7.76: The left graph depicts the total applied load and the rib deflection and the right graph depicts the rib load and the rib
deflection.

The rib load-deflection diagram can be seen in figure 7.76a. It again shows that rib 2 and 4 bear a large part
of the load than the middle rib and also react more stiffly. It is interesting to note that the middle rib does
deflects about 40% more than both rib 2 and 4, despite bearing a smaller percentage of the load. This could
mean that the middle rib is somehow less stiff than the ribs around it, perhaps due to issues with the concrete
during casting. This cannot be checked without removing the steel deck though and that thought is therefore
mere speculation.
Another interesting thing to note is that rib 5 is reacting much weaker than rib 1, even though they are at equal
distances from the middle rib. And, as can be seen in figure 7.76b, the deflection in rib 5 starts increasing
sharply around 4 kN of total load but jumps back again at 6 kN. The load in the rib does not increase or
decrease during the jumps in deflection. This suggests that this behaviour is possible caused by the adjacent
rib 4 dragging rib 5 down and then at some point it is released again. Again, the exact cause of this behaviour
is unlikely to be found without removing the steel deck. And it should be placed into perspective as well.
Although the other ribs do not exhibit this behaviour, the actual deflection is still very small.
Table 7.10 shows the stiffnesses of the ribs in this particular test.

Table 7.10: Rib stiffness value for each of the ribs in the 0 mesh slab with the load at a quarter of the span length.

Rib number Stiffness [kN/mm] Relative size to rib 3 [%]

1 5.7 68.4%

2 11.25 135.5%

3 8.33 100.0%

4 13.33 160.0%

5 1.6 19.2%
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COMPARISON AND EVALUATION OF TEST RESULTS

The results from the tests at a quarter of the span length are shown above. The next step is to compare the
results with each other. And find out what the effects are of adding or removing reinforcement meshes to the
top slab of the composite plates. The main focus of this comparison will be on the distribution on both sides
of the test specimens and on the stiffness behaviour that the ribs of the test specimen exhibit.
First of all, it has to be mentioned that the goal of keeping the test specimens in the linear elastic zone seems
to have been reached. The distributions of all slabs remains nearly constant, except for the initial settling be-
haviour that is exhibited. During the tests no large cracking was observed or heard either. These are positive
observations, because the effect of that this test will have had on the following test for each slab will have
been minimal.
Next, the far side of the test specimens looks different. Because this side of the slab is farther away from the
point of loading, the slab has a larger length over which to redistribute the load. It is expected that this length
gives the top slabs of the test specimens the opportunity to divide the load according more equally. This dis-
tribution would depend on the stiffness of the top slabs. This would explain why the slab with two meshes
distributes the load so equally over the central three ribs. On the other hand It seems that the top reinforce-
ment mesh does not influence the distribution much, since the distribution of the slab with one mesh and
the slab without mesh are practically identical at a load of 10 kN. It should also be noted that the changes in
reinforcement mesh configuration seems to mainly affect load contribution of the central rib and to a lesser
extend that of the ribs adjacent to the middle rib. The outer rib contributions are roughly the same for all of
the mesh configurations at approximately 10%.
Now the distribution of load on the side close to the applied load will be evaluated. It should immediately
noted that the slab with two reinforcement meshes has the highest load contribution in the middle rib. Both
the slab without reinforcement mesh and the slab with one mesh have more equally distributed loads in the
central three ribs. The outer ribs seem to be hardly affected again. All of the test specimens show that they
bear an average of 5% of the load throughout the tests. Ribs 2 and 4 adjacent to the central rib are relatively
equal in contribution as well, if the differences between the middle rib contribution are taken into account.
All of the test specimens slow an average contribution of approximately 25% for both rib 2 and 4. Therefore, it
seems that the contribution of the middle rib is effected the most by the reinforcement mesh configuration.
The adjacent ribs to a lesser extend since the load transferred from the middle rib can then be divided over
two ribs instead, making the relative change smaller.
Since the length from the load to the support on this side is so short, it was expected that the distribution
would have been similar to what was found for the two mesh slab for all mesh configurations. The deviation
of the slab without reinforcement could be explained by the stiffness behaviour of the central rib. When ex-
amining the deflection of the central rib compared to that of the ribs adjacent to it a striking observation can
be made. The deflection of the central rib in the slab without reinforcement is 40% higher than that in the
adjacent ribs, while in the other two slabs the deflection is only about 22%. It seems therefore that the central
rib acts less stiffly in the slab without mesh, which would increase the contributions of the adjacent ribs.
The difference between the slab with two meshes and the one with only a single mesh, could perhaps also be
explained by the stiffness of the ribs. The slope of the load-deflection diagram of rib 3 in the slab with two
meshes is steeper. This means that the stiffness is also larger than that of the slab with one mesh. Rib three in
the two mesh slab is 25% stiffer than that of the one mesh slab. Another observation that can be made is that
the two mesh slab diagram is completely straight. While on the other hand the one mesh slab shows a bend in
the curve at approximately 9 kN of rib loading. It is expected that at this short distance to the supports, the rib
stiffness governs the distribution at first. The ribs can be thought of as translation springs. If the translation
spring, on which the load is applied, is very stiff, then it will also absorb a large part of the load. The top slab
which is draped over the springs as a membrane or beam does not get much chance to redistribute the load
in that situation. But if slab rib starts to crack and weaken, as is suggested by the bend in the one mesh slab
curve, then more load could be distributed to the neighbouring ribs.
The thought that the two mesh slab is still firmly in the linear elastic zone is confirmed by the fact all rib-
deflection curves are still very much straight. Even the outer rib loads are still increasing. Although the outer
ribs react with a stiffness that is much lower than that of the the middle three ribs. Their stiffness is only about
30% of that of the middle rib, despite rib 2 and 4 having a much smaller difference.
Finally the stiffness behaviour of the outer ribs in all test specimens should be discussed. Although the con-
tribution to the load they provide is fairly consistent with what was expected, their stiffness behaviour is not.
The outer ribs deflect far more than the middle ribs at the same load level. This is ubiquitous for all tests and
indicates that the assumption that all ribs have an equal stiffness is probably wrong. With the exception of
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the slab without mesh, both other test show that the central rib acts most stiff. Then ribs 2 and 4 act slightly
weaker and ribs 1 and 5 act much weaker. Rib 3 is enclosed by 2 layers of ribs on both sides. Ribs 2 and 4
have 1 rib on each side of them. But ribs 1 and 5 have a free edge and this fact probably influences their
load-deflection behaviour. This means that the ribs cannot be seen as separate translation springs, that are
not influenced by their neighbours. This behaviour will be analysed again in the evaluation of the test results
at half span length.
A final word about the predictions that were made in the previous section in the analytical model. Except
for the slab without reinforcement, the predictions were not very accurate. The analytical model needs to be
fine-tuned in order to model the composite slabs more accurately. This will be done in chapter 8.

7.4.3. EVALUATION LENGTH BETWEEN SUPPORT AND LOAD APPLICATION

Until now the tests at a quarter and at half of the span length have been examined separately. The distribution
as a function of the load and reinforcement mesh configuration has been illustrated and explained. But the
main goal of the test at a quarter of the span length was to confirm the effect of distance between the support
and the point of load application. To that effect, this section will display the distribution in each slab at the
lengths 1/4, 1/2 and 3/4 span length. For this the results of the load cells on both side of the test specimens
in the test at a quarter of the length have been considered separately. After all, the length between the load
and the supports RO1-RO5 was 75% of the span length and to the other side the length was 25% of the span
length. The total amount of load per side of the slab was different, but only the distribution is compared so
that does not matter in this case.
In this section two load levels will be used: 10 kN and 50 kN. 10 kN is chosen because this is the maximum
load that all test specimens reached at all distances. It is also chosen to compare the 1 mesh and 2 mesh slabs
at 50 kN, because at that stage they are still linear but the initial discrepancies have been evened out some-
what. The slab without mesh did not reach 50 kN in the non-destructive test and is thus not comparable at
that load level. The results for 10 kN and 50 kN are shown in figures 7.77 and 7.77 respectively.

Figure 7.77: The centre deflection.

At a load of 10 kN the test specimens are still very much undamaged. Initial imperfections and discrepancies
have been mostly evened out, but at 1/4 span length rib 2 and rib 4 of the 1 mesh slab and no mesh slab
respectively are still behaving unexpectedly. Since the load is so small, it is really only possible to make obser-
vations about the initial distribution at different lengths to the support. At 2700 mm the distribution is equal
for every mesh configuration. At 4050 mm one can see that the 1 mesh slab and no mesh slab already con-
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centrate more of the force in rib 3. While at 1350 mm the 2 mesh slab has a more concentrated distribution.
This trend suggests that top slab stiffness becomes more important for the distribution with increased length
to the support. When the length becomes shorter, it would be expected that the 2 mesh slab distributes more
because of its stiffer top slab. But instead it has a more concentrated loading pattern, suggesting that the
rib stiffness becomes more dominant at shorter lengths to the support. The 1 mesh and no mesh slab show
irregular distributions at this distance, therefore it is hard to state whether their distribution differs from the
2 mesh slab or not.

Figure 7.78: The centre deflection.

At a load of 50 kN the slab without mesh can no longer be compared to the other specimens and is therefore
left out. The distributions are more symmetrical in these graphs as opposed to the 10 kN load graphs. At 2700
mm the distributions of the 1 mesh and 2 mesh slabs are still quite similar. The load is slightly more concen-
trated in the 1 mesh slab. At 4050 mm the load is clearly more equally spread by the 2 mesh slab. The extra
stiffness of the top slab is influencing the distribution there. At 1350 mm the results are more symmetrical
now. It can be seen that the load is more concentrated in the 2 mesh slab.
This may be caused by two different reasons. Either the 1 mesh slab is able to mobilize a large part of the
top slab to distribute the load towards the sides or it is possible that the addition of the extra reinforcement
mesh made the ribs of the 2 mesh slab more stiff in bending. Stiffer ribs would cause more load to be borne
by the middle rib because it is located directly under the load. It seems unlikely that the 1 mesh slab is able
to mobilize a larger part of the top slab, after all it lacks the second reinforcement mesh, but it is also not
clear whether the difference is caused by the ribs having a larger bending stiffness. When the longer distance
of 4050 mm is considered the explanation seems more obvious. Over the longer length that is available to
distribute the load, the 2 mesh slab is able to do so more strongly due to the second reinforcement mesh than
the 1 mesh slab. That’s why the load in 1 mesh slab is more concentrated in the 1 mesh slab.

7.4.4. EFFECTIVE WIDTH OF THE COMPOSITE SLABS

Another aspect that can be analysed which is more practical for using in practice is the distributive width as
it was already discussed in chapter 5. The design of deep composite slabs is done per unit of width instead of
per rib. It is therefore useful to be able to say something about how much of the slab is contributing towards
bearing the load. In order to do this the distributions found in the laboratory experiments will be used. It
has to be noted though that the conclusions drawn from these results will of course only apply to situations
in practice with the same kind of steel profiled deck and similar span lengths. The data that will be used to
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determine the is the distributions of the load in load cells RO6-RO10 for each test specimen, these are shown
in figure 7.79.

(a) Distribution of the load in load cells
RO6-RO10 in the 2 mesh slab.

(b) Distribution of the load in load cells
RO6-RO10 in the 1 mesh slab.

(c) Distribution of the load in load cells
RO6-RO10 in the 0 mesh slab.

Figure 7.79: Distributions of the load in load cells RO6-RO10 in the test specimens.

From the distributions shown in the graphs it can be seen that in the 2 mesh slab all three ribs keep contribut-
ing towards bearing the load, while in the other slabs the outer ribs’ contribution falls away after a certain
point. Ribs 2, 3 and 4 are bearing some load in any situation. In table 7.11 the minimal effective widths for
this type of deep composite slab that is taking part in the load bearing process are shown.

Table 7.11: The minimal effective width of the test specimens as derived from the distribution graphs.

Slab type Load interval
[kN]

Distributive
width [mm]

Load interval
[kN]

Distributive
width [mm]

2 mesh slab 0 - 165 3000 - -

1 mesh slab 0 - 100 3000 100 - 145 1800

0 mesh slab 0 - 65 3000 65 - 100 1800

It has to be noted that the effective width is increased or decreased with increments of 600 mm, which is the
distance between the individual ribs. The outer ribs of the 1 mesh slab are still contributing a little towards
carrying the load at the load of 100 kN, but the contribution at that stage is so low that it is safer to assume
that they do not carry any load any more.

7.5. TEST CONCLUSION
In conclusion, the influence of the extra reinforcement compared to the 1 mesh slab is mostly felt in ribs 1,3,
and 5. At higher loads the outer ribs keep bearing more forces because of the second reinforcement mesh.
This means that the load is barely more concentrated at the start of the loading than in the ultimate limit
state. The 1 mesh slab eventually losses the contribution of ribs 1 and 5 and this load is added to that of rib 3.
For the test specimen without mesh this effect is felt even more strongly and more quickly. The load is even
more concentrated than in the other two test specimens. The effect of the reinforcement meshes is also felt
in the deflection behaviour. The 2 mesh slab is the most stiff and deflects much less than the 1 mesh slab. The
slab without reinforcement mesh on the other hand deflects even less because it is too weak to pass beyond
the shearing away of the steel deck from the concrete. The deflection is therefore not as large as the other
slabs and the failure behaviour is brittle instead of plastic such as it was for the 1 mesh and 2 mesh slabs. The
slab without mesh is only saved from complete collapse by the steel deck.
The complete composite behaviour of the composite slabs is only lost at a load of 105 kN independent of the
mesh configuration. Even after the deck is sheared away, the embossments prevent excessive slip, retaining
at least partial composite behaviour. The steel deck can be used to transfer load towards the side of the slabs.
However, for the 2 mesh slabs the additional reinforcement mesh largely fulfils this task already and the slab
without reinforcement mesh fails before the deck can start transferring load in a significant manner. Only in
the 1 mesh slab the steel deck is fulfilling a large role in transferring of the load.
Now that these conclusions have been drawn, it is vital to analyse how well these results can be applied to real
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life situations and whether the test results are deemed representative of this type of composite flooring or not.
It will be reiterated that the composite slab without mesh is never used in practice. But both the other mesh
configurations are applied. The 1 mesh slab is the default option when constructing this type of composite
flooring and the second reinforcement mesh is added when high point loads are expected in the design. The
reinforcement bars in the ribs can also be reasonably be applied in practice. The material qualities that were
used in the experiments are also representative of the materials used in practice. The common concrete class
C20/25 was used. The average strength of this class was indeed reached and the last test specimen was only
slightly stronger than this average value. The steel deck was of a strength class S350 and the strength values
found were exactly average for this strength class. The reinforcement was also close to its nominal strength
values and therefore representative.
The boundary conditions on the other hand differed from the way in which this composite slab is imple-
mented in practice. In practice the steel decks will either be placed on the bottom flange of a steel beam or
on top of a steel beam in order to include them in a composite floor system or composite beam respectively.
When the concrete is then cast, the composite deck slab and composite beam are joined together. This means
that the composite slab is either fixed rigidly at the end or part of a continuous floor. The fact that the end of
the composite slab is rigidly connected to the rest of the structure has two consequences. The steel deck will
be cast in place, thus will experience a form of end anchorage. This will raise the load at which the steel deck
shears away from the concrete due to horizontal shear forces. This will probably raise the ultimate limit load
of the slab without mesh, because it relies on the steel deck for load transferring. But since this configuration
is not used in practice it does not matter as much. The 1 mesh and 2 mesh both do not suffer as much from
the shearing away of the steel deck as the slab without reinforcement mesh. They might behave more stiffly
though. A second effect of the cast slab ends is that the ribs do not have as much rotation and translation free-
dom as they did in the experiment set-up. The ribs ends are essentially part of a concrete beam. This effective
concrete beam ensures a more equal distribution by increasing the rotation stiffnesses of the ribs. Thus it is
likely that the distribution of the load in practice will be more equally spread over the ribs than it was in the
experiments. The different boundary conditions that are met in practice likely mean that the load becomes
more equally spread. This is a positive conclusion, since it means that the experiments are a conservative
situation and estimations of the maximum load contribution of the central rib is also conservative. This is
only an assumption though and should be checked by using the tweaked and updated analytical model or by
further research into the topic.
As for the analytical model, the test results are very useful regardless of which boundary conditions or mate-
rial properties are used. Because all these factors can be changed or adjusted in the model. So in chapter 8
the analytical model will be adjusted in order to replicate the test results that were found in the experiments
and in that way provide more accurate estimations of other design situations. This will increase the accuracy
of the predictions that can be made. Because the initial predictions did not take into account several of the
issues stated above that were found in the experiments.
In short, at a load of 10 kN the distribution with all reinforcement meshes is nearly equal, but the deflection
already differs between them. At approximately 60 kN the removal of a reinforcement mesh causes about 5%
of the load to go to the middle rib and the deflections are diverging even more at this point. At about 100 kN
the slab without reinforcement mesh fails after shearing away from the steel deck and having about 75% of
the load in the middle rib. The 1 and 2 mesh slabs fail at roughly 145 kN and 165 kN respectively. The addition
of the extra mesh reduces the load percentage in the middle rib from 45% to 36% and the outer ribs are still
active in the 2 mesh slab. But the effect of the extra mesh is felt very strongly in the deflection. The 1 mesh
slab has almost 30% more deflection in the middle rib than the 2 mesh slab. The length from the load to the
support does matter in the distribution. However at a load of 10 kN this difference is still very small. When
the load reaches 50 kN the load is more concentrated in the 2 mesh slab than in the 1 mesh slab at a shorter
distance, while at a longer distance the load is more concentrated in the 1 mesh slab instead.
Lastly the distribution results from the experiments can be used to determine how many ribs carry the con-
centrated load and this in turn can be used to determine an effective width of the composite slab. This infor-
mation is useful in practice. The 2 mesh slab is effective over the full width of the slab until the ultimate load
was reached. The 1 mesh slab’s effective width was reduced from 3000 mm to 1800 mm at an approximate
load of 100 kN and for the 0 mesh slab this already happened at a load of about 65 kN.
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COMPARISON OF MODEL AND TEST RESULTS

This chapter will use the results from the laboratory experiments to compare the analytical model and the
FEM model to the actual behaviour of the composite slabs. The analytical model was not very accurate yet in
predicting the right behaviour. Therefore it will be fine-tuned with the help of the test results. Then the FEM
model will be evaluated and compared against the test results in order to review the design assumptions that
were made in the modelling process.

8.1. ANALYTICAL MODEL COMPARISON
The test results have been reported on in chapter 7. With these results it is now possible to adjust the ana-
lytical model in order to improve its accuracy and make it applicable to other design situations as well. To
achieve this improvement, the analytical model will be used in order to recreate the results for all the slabs at
both the non-destructive and the destructive test. It was found that the stiffness of the ribs is not equal for
all ribs. The stiffness ratio of the top slab and the rib translation springs is also likely to differ. These and the
other parameters used in the analytical model, that will be varied in order to reproduce the test results are
shown in table 8.1.

Table 8.1: The parameters used to compute the section modulus of the uncracked top slab of the composite slab.

Parameters Symbol Unit

Translation spring stiffness kr i b [N /mm]

Distributive length Ldi s [mm]

Rotation spring stiffness kr i b,t [N mm/r ad ]

Positive top slab bending stiffness E IT S,+ [N /mm2]

Negative top slab bending stiffness E IT S,− [N /mm2]

Uncracked top slab bending stiffness E IT S,uc [N /mm2]

In the previous chapter it was already stated that the stiffness of the ribs, as it was used in the analytical
mode, is not equal for every rib. Because the location where the support reactions are measured and where
the deflections are measured are not the same, there is a disconnect between the two data sets. The measured
distribution by the load cells is a combination of the distribution occurring at the centre of the test specimen
and the redistribution that happens while the load travels towards the supports. This redistribution is the
results of a combination of the stiffnesses of the top slab and the ribs and the amount of damage they have
both sustained. In the analytical model, on the other hand, the ribs are modelled as translation springs with
a certain spring stiffness coefficient, see figure 8.1.
The spring stiffness is an important parameter in the model, which determines the distribution of the load
together with the stiffness of the top slab. But in the analytical model the force in a rib is directly related to

138



8.1. ANALYTICAL MODEL COMPARISON 139

Figure 8.1: A schematic depiction of the analytical model used to model the composite slabs.

the deflection occurring in that rib. The relationship that governs this process is shown in equation 8.1.

Fr i b = kr i b ×δr i b (8.1)

In the elastic phase of the experiments the value of the translation springs can be easily determined. The
load-deflection diagrams of the ribs show exactly the coefficient in the relation between the amount of load
in the rib and the deflection of the rib. This coefficient is of course the slope of the diagram. However, then
the ribs in the experiment reach a phase in which their load does not increase as quickly any more, but their
deflection does. For each point that is considered in the analytical model the exact stiffness of that point has
to be calculated. Both situations mentioned can be seen in 8.2.

Figure 8.2: A figure showing the different values and relations with the rib stiffness.

Another situation arises whenever the load in a certain rib no longer increases but the deflection does. The
slope of the diagram is now equal to zero, but the translation spring stiffness in the model is not. Because a
translation spring stiffness of 0 kN/mm would mean that there is no load in the rib no matter the deflection.
This is not the case. The load remains constant but the deflection increases, therefore the stiffness of the
translation spring must decrease. Because the load in the ribs remains constant and the deflection increases,
the rib stiffness has to decrease. This phenomenon is shown in the right hand side of figure 8.3. With the
graphs described above, it is possible to introduce the plastic behaviour into the translation stiffness coef-
ficient. It is not possible though to have a negative values for the translation stiffness coefficient. Because
this means that the supports would pull the slab down in the analytical model. The test specimens were not
attached to the supports and therefore this is not possible.

The rib torsion stiffness coefficient kr i b,t was included in the model in order to simulate the ribs’ resistance
against rotations. Although this may be a factor with influence in practice, it is not likely to be so in the ex-
periments. Because the ribs are not joined to a composite beam or floor system by casting the ends of the
ribs in concrete, there is no structure at the end of the ribs which is resisting rotations. Therefore it is chosen
to set the rib torsion resistance to 0 in the analytical model. Even if the ribs resist the rotation somewhat,
this effect is likely to be insignificant compared with the bending resistances of the ribs and the top slab re-
spectively. The distributive length Ldi s was already calculated before in chapter 5, but the values obtained



140 8. COMPARISON OF MODEL AND TEST RESULTS

Figure 8.3: A figure showing the different values and relations with the rib stiffness when the rib does not increase in load any more.

there were mostly educated guesses. So the distributive length will be freely varied in this chapter in order
to reproduce the distribution results and find out in what manner the distributive length is influenced. The
resulting distributive length is a value that determines how much of the top slab is taking part in distribution
of the load in the analytical model. Seeing in what way this parameter is influenced by the varying situations
in the experiments might give more insight into the behaviour of the composite slabs.

The calculated bending stiffnesses for the to slab in all states will not be altered, unless the top slab reaches the
calculated elastic bending moment capacity. It was already explained in chapter 5 that the bending moment
stiffness of the top slab is lowered whenever it is past the elastic moment capacity to simulate the yielding of
the reinforcement steel. Because in that situation it is impossible to increase the moment further until the
reinforcement steel would reach the hardening phase. But for the reinforcement steel a bi-linear stress-strain
diagram was assumed. Thus the bending stiffness of the top slab will be lowered in the situation where the
top slab reaches the plastic phase. Although the results of the experiments have shown that the top flange of
the steel deck is actively assisting in the distribution of the load towards the sides of the slab, the calculated
bending stiffness values are not adjusted to compensate for this. The steel deck is became only really active in
the later stage of the test on the 1 mesh slab. Before that point and in the other slabs the strain in the deck was
still low and therefore it is assumed that its contribution to the bending stiffness is low. Even when the deck
becomes active in the one mesh slab, the top slab is already severely damaged and thus the bending stiffness
is unlikely to overtake the bending stiffness of the undamaged top slab.

The behaviour of the composite slabs is dependent on the load level. The initial distribution at approximately
10 kN is important from a design point of view. Because the maximum standard concentrated load accord-
ing to the Eurocode 1 [10] is 10 kN. Thus the default configuration will have to be designed for such a load
case regularly. The end of the elastic phase at 60 kN and the ultimate loads are loading values at which it is
important to know more about the slab behaviour as well. It is thus chosen to reproduce the test results in
these key points. For the non-destructive test only the initial load of 10 kN and the highest load of 50 kN will
be examined. The complete list of loading points at which the composite slabs will be examined are stated
below.

• Slab with 2 mesh

1. 1/4L span: 10 kN

2. 1/4L span: 50 kN

3. 1/4L span: 10 kN

4. 1/2L span: 60 kN

5. 1/2L span: 165 kN

• Slab with 1 mesh
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1. 1/4L span: 10 kN

2. 1/4L span: 50 kN

3. 1/2L span: 10 kN

4. 1/2L span: 60 kN

5. 1/2L span: 145 kN

• Slab without mesh

1. 1/4L span: 10 kN

2. 1/2L span: 10 kN

3. 1/2L span: 60 kN

The reproduction of the test results has been performed. The distributions found in the test specimens in
the experiment have been approached as closely as possbile by making use of the analytical model. First the
results of the non-destructive test were be replicated and then the same was be done for the destructive test.
The exact data from this process is shown in appendix H and in this chapter only the conclusions that are
drawn from that data will be shown. For each test and specimen the initial distribution will be given and then
the reproduced distribution. The translation spring stiffness values that were used and the deflections of the
all ribs respectively are also shown. For each of the slabs all phases and the corresponding distributions will
be given. Then the changes in parameters that were done to achieve the adjustment will be explained. For
each of the situations the resulting moment and deflection diagrams will also be given as a reference. The
test results are not symmetrical most of the time. In order to eliminate some variations that occurred in the
experiments, the symmetrical ribs will be averaged if they do not have the same value. An example of this
process is shown in table 8.2.

Table 8.2: An example of averaging the distribution found in the experimental results to gain a symmetrical distribution.

Rib number Actual distribution [%] Average distribution [%]

1 15 11.5

2 22 23.0

3 31 31.0

4 24 23.0

5 8 11.5

8.1.1. EVALUATION OF DISTRIBUTIVE LENGTH AND RIB STIFFNESS
The distributions that are examined in this chapter have already been extensively discussed in the previous
chapter and so they will not be commented upon again. The translation spring stiffness is obtained from
the rib load-deflection diagrams as described in the previous section and the top slab bending stiffness was
already calculated. The parameter that will be discussed in this section is the distributive length. This pa-
rameter determines the surface area of the top slab that is involved in distributing the concentrated force
towards the sides. In order to reproduce the distributions found in the test results, different values for the
distributive length were used. These used values will be discussed in this section. The analytical model was
used to approach the distributions found in the test results but it was impossible to reproduce them perfectly.
Therefore, along with the distributive length, the error between the two distributions will be given as well.
The error is determined in the following two ways. The distribution of the force on a side of the slab is given
in percentages for both the test results and the analytical model reproduction. Then the average difference in
contribution per rib will be given for a loading situation, according to equation 8.2. The average error is given
in percentages.

∆Contr i buti onav g =

5∑
1

(∣∣Contrtest ,i −Contranal y ti cal ,i
∣∣)

5
[%] (8.2)
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The other measurement of error that is given, is the error between the deflection diagrams, ∆δav g , of the test
result and the analytical model. The error is calculated according to equation 8.3 and is again presented as a
percentage of the deflection found in the test results.

∆δav g =

5∑
1

(∣∣δtest ,i −δanal y ti cal ,i
∣∣)

5∑
1

(
δtest ,i

) ×100 [%] (8.3)

The resulting distributive lengths and error values for the distribution and the deflection for all loading situ-
ations previously mentioned are shown in table 8.3.

Table 8.3: Distributive length and error values for all reproduces distributions with the analytical model.

Test type Number
of meshes

Applied
load [kN]

Distributive
length
[mm]

Contribution
error [%]

Deflection
error [%]

Non-destructive

2
10 1800 0.68 30.0

50 1300 1.52 2.6

1
10 1900 1.52 2.6

50 3000 0.98 5.3

0 10 1700 0.68 10.7

Destructive

2
10 5400 0.08 13.6

60 3100 0.50 3.5

165 1100 0.26 4.1

1
10 3000 1.90 7.4

60 3000 0.82 4.1

145 1100 0.52 6.2

0
10 4000 0.94 11.9

60 3000 1.88 5.3

From the table above some global observations can be made. First of all the distributive length is larger in
the destructive test than in the non-destructive test. This was to be expected since the load is placed closer
to one support than the other, it is likely that less of the composite slab will participate in load distribution.
Secondly, the distributive length decreases if the load increases. This is also expected, since the slabs will get
damaged more at higher loads and thus fewer parts of the slab can be mobilized in order to distribute the
load. It is also clear that the variation between the slabs with regards to the distributive length is fairly large at
the small load of 10 kN. This is the case especially at the destructive test. But at higher loads the lengths seem
to be quite similar with the differences being only about 100 mm between the slabs. It thus seems that the
distributive length is not influenced by the mesh configuration but definitely by the length from the point of
load application to the support and also by the size of the applied load. These trends can be observed but in
order to be more certain of the exact influence of those factors and of the exact size of the distributive length,
more research into this topic is required. The exception can be seen at the non-destructive test of the 1 mesh
slab. There the distributive length increases instead. The reason for this behaviour is unclear.

About the error in the contribution values fewer can be said. The error values vary wildly. Increasing the load
does not seem to reduce the error reliably. Perhaps it can be concluded that the 2 mesh slab has a slightly
lower error than the 1 mesh slab and the 0 mesh slab. This could be due to the fact that the 2 mesh slab has
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a higher positive bending stiffness and retains this over the entire width of the top slab for a longer time. The
model is longer in the elastic phase and that makes it easier to obtain the right distribution. About the de-
flection error it can be said with certainty that increasing the load decreases the deflection error. This makes
sense since the absolute error in the deflection remains approximately the same, but the total deflection of
the ribs increases dramatically. The only exception is the non-destructive test of slab 1, which does not follow
the same pattern and is slightly higher.

And lastly some observations about the translation spring stiffness coefficient should be made. From the
stiffnesses found in the test results and shown in appendix H one can see that the stiffnesses greatly vary
over the test types, mesh configurations and load levels. Because the translation spring stiffness is defined as
the coefficient between the reaction force at the end of a rib and the deflection at the length of the applied
load it is influenced by various factors. The place where the load is applied is a major factor of influence, but
the redistribution that occurs between the application of the load and the supports also influences it. This
redistribution is in turn dependent on the stiffness of the ribs, the top slab and the ratio between the two. Also
the size of the area of the composite slab that assists in redistribution matters and this size is reduced when
the applied load is increased and the composite slab sustains more and more damage. It is also likely that
whether a certain rib has other ribs on either side and how many of them will also influence its stiffness. All
the factors mentioned above work together in determining the load-deflection behaviour of the ribs. If one
wants to view each rib as a separate beam with a separate stiffness, then all these effects have to be included
in that single stiffness factor. This results in the situation where the translation spring stiffness varies wildly
over all specimens, load sizes and load locations. This would require more experimentation and research in
order to determine exactly how the rib stiffness kr i b changes in all those situations so an accurate estimate
can be done. And this would negate the initial advantages of the analytical model.
Lastly the effect of setting the rib torsion stiffness to zero should also be mentioned. When the torsion rib
stiffness was not equal to zero, the moment diagram looked approximately as the example shown in figure
8.4. The moment would become negative farther away from the applied load in the centre. The top slab
would behave similarly to separate clamped beams in between the ribs.

Figure 8.4: A figure showing a moment diagram of the analytical model with the rib torsion stiffness coefficient not equal to zero.

But when the rib torsion stiffness was set to zero, the moment diagram would look more like the example
shown in figure 8.5. The entire top slab is now subjected to a positive bending moment. This can explain why
the cracks that appeared in test specimens during the experiment, appeared on both sides of the ribs at the
bottom of the top slab and not at the top. This type of moment diagram also results in the V-shaped deflection
diagram that was observed in the experiments, where the rotation found in all ribs was approximately the
same. Because the moment decreases towards the edges of the slab, the added deflection decreases as well
and the shape of the deflection diagram begins to resemble a V-shape.

Figure 8.5: A figure showing a moment diagram of the analytical model with the rib torsion stiffness coefficient equal to zero.
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8.2. FEM COMPARISON
In this section the finite element model will be compared to the results from the laboratory testing. From
the model the support reactions and rib deflections were obtained. Therefore the distribution diagrams that
were composed for the experiments can also be made from the FEM data. Also the rib force-deflection dia-
grams will be made in order to compare them. Furthermore the stresses and strains in all components of the
model can be observed and thus critical cross-sections and interesting aspects will be shown as well. First
of all the distribution and load-deflection diagrams will be compared. The strain progression in the concrete
will be shown in appendix H and finally the stress and strain data of the steel deck components and the steel
reinforcement bars will be shown in tables which are also given in the appendix.
For each specimen the load was applied as an enforced deformation. The applied load is then calculated
from the sum of the support forces instead. This manner of load application allows the model to calculate
more steps and even allowed the 2 mesh model to go beyond the peak load. But after that and for the 1 mesh
and 0 mesh slab even before the peak convergence eventually cannot be reached any more.

8.2.1. 2 MESH SLAB
This model reaches an ultimate load of 104 kN and after that the load decreases somewhat until finally con-
vergence cannot be reached any more. The largest deflection reached in the middle rib is 50 mm at the largest
load. In figure 8.6 the distribution diagrams of the model and the experiment are shown. In figure 8.7 the rib
load-deflection diagrams are shown of the model and the experiment.

Figure 8.6: The distribution found in the experiment and in the FEM model.

When comparing the distributions of the model and the experiments it can immediately be seen that rib 2
and 3 have the same amount of contribution in the model. The outer rib has a contribution that is similar to
what was found in the experiments but it is not as constant. The outer rib is already starting to decrease while
in the experiments they were constant throughout the test.

In the rib load-deflection diagrams it can again be seen that rib 2 is reaction much in the same way as the
middle rib. It can also be seen that the outer rib is already becoming very flat, while in the experiments this
effect was not as strong.

8.2.2. 1 MESH SLAB
The 1 mesh slab reached a 84 kN load at which point the deflection in the middle rib was 37 mm. In figure 8.8
the distribution diagrams of the model and the experiment are shown. In figure 8.9 the rib load-deflection
diagrams are shown of the model and the experiment.

Comparing the two distribution graphs it can be seen that the shapes are roughly similar. The outer ribs also
drops off although it happens at a lower load and the outer ribs are already uplifted while this did not happen
in the experiments. Rib 2 also follows rib 3 until it drops off at a load of 70 kN, while ribs 2 and 4 are more or
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Figure 8.7: The rib load-deflection diagram found in the experiment and in the FEM model.

Figure 8.8: The distribution found in the experiment and in the FEM model.

less constant in the experiment. Rib 3 is also raising rapidly in the model than the experimental data.

When looking at the rib load-deflection diagrams of the 1 mesh slab one can see that in the model the middle
rib again seems to react less stiff until a certain load and after that the curve becomes more steep. This is in
direct contrast to what was observed in the experiment. The deflections observed in the model are also much
larger then seen in the experiments. The deflection of all ribs in the model is also much more equal than was
found in the experiments where the outer ribs reached a much lower deflection.

8.2.3. 0 MESH SLAB

The 1 mesh slab reached a 71 kN load at which point the deflection in the middle rib was 25 mm. In figure 8.10
the distribution diagrams of the model and the experiment are shown. In figure 8.11 the rib load-deflection
diagrams are shown of the model and the experiment.

The model again shows a distribution diagram that is roughly similar to the experiment. The contribution
of the outer ribs drops off rather abruptly and is uplifted as well. This happens at a slightly lower load in
the model though. Rib 3 is also going up but much faster than the experimental data. Rib 3 already reaches
60% at a load of 70 kN while in the experiment the contribution was only 50% at that point. Until a load of 60
kN rib 2 and 3 are equal in contribution in the model, while this is not the case again in the experimental data.

Looking at the rib load-deflection diagrams one can see that the outer rib in the model is uplifted severely.
Rib 2 and 3 are behaving exactly the same until a load of 60 kN. The occurring deflection in the model is very
different from what was found in the experiments. All ribs in the model have a roughly equal deflection and
rib 3 even reaches a deflection of 30 mm at a load of 70 mm while the experimental results show that rib 3
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Figure 8.9: The rib load-deflection diagram found in the experiment and in the FEM model.

Figure 8.10: The distribution found in the experiment and in the FEM model.

only reached a total deflection of 18 mm at a load of 100 kN.

8.2.4. FEM COMPARISON EVALUATION
From the comparison in the previous section it appears that the deflection of the ribs in the finite element
model very large when compared to the experimental data. At a load of 100 kN the 2 mesh slab already de-
flects 50 mm in rib 3, while this deflection was never reached in the experiments. The 1 mesh and 0 mesh
slabs both reach a deflection of about 30 mm. While in the experiments the deflection of the 1 mesh slab at
the same load only reached about 10 mm and the same occurs in the 0 mesh slab.
Apart from the size of the deflection, another aspect that is striking is that in the finite element model all ribs
have a similar deflection. While in the experiments it was observed that the all non-symmetrical ribs had
distinctly different deflection. This happened because the transferring of the load towards the outer ribs was
at a certain point no longer possible and thus the load did not increase much any more. The ribs were still
dragged down by the deformation of the composite slab. This also seems to happen in the finite element
model, because the deflection still increases in all ribs even when the load measured at the supports starts to
fall. This effect is especially strong in the outer ribs where the contribution eventually becomes negative, but
still the deflection increases. This suggests that the dragging down of the ribs is much stronger in the finite el-
ement model. Even when the concrete is heavily cracked in the final stages of calculation this dragging down
still does not stop.
The distribution of all modelled slabs also differs from what was found in the experiments. The shapes of
the distribution diagrams of the models roughly coincide with those found in the experiments. But The val-
ues differ by large margins. In each of the slabs of the finite element model ribs 2 and 3 had an identical
contribution up until a certain point was reached were they started to diverge. In the the 2 mesh slab this
never occurred though. But in the 2 mesh slab rib 2 had a contribution of almost 5% too high and rib 3 had
a contribution of 5% to low, when compared with the experiments. The outer rib was also not as constant



8.3. CONCLUSION 147

Figure 8.11: The rib load-deflection diagram found in the experiment and in the FEM model.

in contribution and too low in value as found in the experiments. For the 1 mesh and 0 mesh slabs a similar
distribution is found. But at a load of around 70 kN the outer rib drops off to negative values, more so for the
0 mesh slab. And rib 3 starts to rise rapidly, much more rapidly than in the experiments.
And lastly it is observed that in the load deflection diagram of the 1 mesh slab rib 3 initially acts less stiffly
that rib 2 and then at a load of roughly 70 kN starts to overtake rib 2 again. This is not at all what was observed
in the experiment. And in the 0 mesh slab the deflection of rib 2 exceeds that of rib 3. The deflection pattern
is the same as those found in the other models but the order is reversed.
A possible cause for this differing behaviour of the finite element model is the fact that the effective area of the
steel profiled deck was used in the model, as opposed to the entire steel deck area. While in the experiments
it was observed that the top flange of the steel deck was active in the transverse direction at certain loads. But
these parts were not modelled. Also not the entire trough area of the steel ribs was modelled. The parts of the
steel deck that are not modelled are likely to have an influence on the final results.
Another aspect that was not modelled is the bonding capacity between the steel deck and the concrete. In
the experiments the bonding capacity was reached at around 105 kN in all specimens. Although is load was
not reached in any of the modelling calculations, but if one was to model the composite slabs at higher loads
this factor would certainly become important.
The material strength properties could also have made a difference. The concrete tensile strength for instance
was taken as 2.8 N /mm2 but in reality this could have been higher.
With the results above it is clear that the finite element model used does not the composite slabs accurately
enough to be practical. Ribs 2 and 3 react too similar in the model and the outer rib reacts too weakly. The
deflection that is found in the model is also a lot larger than the deflection values found in the experiments.
And until the model is improved by adding the aspects mentioned above it does not provide an accurate vali-
dation method. The shape of the diagrams is similar. Therefore it might be possible to improve the model by
performing parameter studies and by checking the assumptions and composition of the model.

8.3. CONCLUSION
Now that both the analytical and the FEM model have been compared to the test results, some conclusions
can be drawn on the results. First of all it can be said that the analytical model, as it was proposed in chapter
5, was not very accurate yet. In order to improve the accuracy, it was compared with the results from the
laboratory experiments. In this way it was attempted to find more accurate values for the rib stiffness and the
distributive length. It was chosen to eliminate the rib rotation stiffness, because its effect in the experimen-
tal values is likely extremely low. This immediately resulted in a drastic change in the shape of the moment
diagram. The entire top slab was subjected to a positive bending moment instead of a bending moment that
switched signs at every rib. At the same time this also results in the V-shaped deflection as it was observed in
the laboratory experiments.
It was found that the analytical model was able to duplicate the results found in the experiments quite well.
But in order to do this it was necessary to extract the rib stiffness values from the test results. While doing this
it was found that the rib stiffness value depends on many factors and varies greatly in different situations.
The initial idea that the ribs each have their own independent stiffness value is thus not right. The same can
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be said about the distributive length of the analytical model. This value depends on the loading level and
the load location. For both parameters extra research and experience is necessary in order to predict their
size and do accurate estimations with the analytical model. This undermines the initial goal of the analytical
model, which was to give the designer a tool where the material properties of the composite slab could be
easily used to do accurate estimations of the slab’s behaviour.
The last major parameter of the analytical model is the stiffness of the top slab. This parameter can be cal-
culated and the effect of the reinforcement meshes can be easily incorporated. But the contribution of the
top slab depends on the distributive length. However, the effect of the steel deck of the composite slab on the
stiffness of the top slab is not clear yet. In the 1 mesh slab, the deck was yielding indicating that it was actively
spreading the load. But in the other slabs this never happened. Thus it is clear that the deck does contribute
to the stiffness and strength of the top slab, but not how much.
All the items mentioned above mean that the analytical model does not quite fulfil its goal. The model is easy
to use, but the physical behaviour of the composite slabs is different from the beam-spring model behaviour.
This results in the parameters translation spring stiffness and distributive length encompassing more than
one physical effect. In order to estimate these parameters, more detailed knowledge is necessary about the
behaviour of precise configurations. And this means that other design situations cannot be easily put into the
model. So accuracy and ease of applicability cannot be obtained without further experimentation or adap-
tations to the model. Additional analysis or experimentation could help further determine the size of the
translation spring stiffness and the distributive length in an accurate manner. Or it could be chosen instead
to chose a different modelling for the ribs. Perhaps in such a way that the deflection over the entire width is
determined and the interaction with the neighbouring ribs is also included.
The finite element model also does not fulfil its purpose as a validation method very well. When compared to
the data found in the experiments the results of the finite elements models were not very accurate. The de-
flection that was found was too large, the difference between the deflections of the ribs were not large enough,
the contribution sizes of all the ribs were not the same as found in the experiments and the rib load-deflection
diagrams have shapes roughly similar in shape to what was found in the experiments but the values still differ.
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CONCLUSIONS

9.1. CONCLUSION ON THESIS RESULTS
The goal of this thesis was to investigate the horizontal distribution of the stresses caused to the application
of a concentrated load in ComFlor210 deep composite steel-concrete slabs. A part of this investigation into
the composite slab’s behaviour was to find out what influence the number of reinforcement meshes in the
top part is. In practice the ComFlor210 is constructed with one reinforcement mesh by default and if large
concentrated loads are expected a second mesh is added. In order to investigate the horizontal distribution
behaviour an analytical model was constructed and this model was supplemented by finite element calcula-
tions and experiments on life-sized test specimens in the Stevin II laboratory of the Technical University in
Delft.
Before the conclusions on the analytical model are drawn, some observations have to be made first about the
laboratory experiments that were used to fine-tune the analytical model.

• In the test set-up that was used during the experiments the ribs were each simply supported and had
complete rotational freedom. This situation differs from the situation in practice where the ribs are
often rigidly supported. This also means that the steel deck receives no benefit from being anchored
in concrete at both ends. This difference makes the test results conservative, since the lack of rib ro-
tation resistance and end anchorage cause the load to be more concentrated in the middle rib and
quicker loss of composite behaviour between the concrete and steel deck respectively. These different
boundary conditions make no difference for the fine-tuning process of the analytical model because
the boundary conditions can be changed at will there. But when comparing the test results to a situa-
tion in practice, these differences need to be kept in mind.

• The influence of adding or removing a reinforcement mesh can be observed in a number of ways. Both
for the distribution of the load on per rib and the deflection measured the divergence caused by the
varying mesh configuration depended strongly on the size of the applied load.
At a load of 10 kN the distribution of the load over the ribs is still almost identical for every mesh con-
figuration. But from that point on the distributions start to diverge. At a load of 60 kN the load contri-
bution of the middle rib increases with approximately 5% of the total load for each reinforcement mesh
that is removed. It this load it can also be seen already that the outermost ribs decrease the amount of
load they are bearing. The ultimate load that could be applied to each composite slab also varied. At
approximately 105 kN all slabs lost the chemical bond between the steel deck and the concrete. The
slab without reinforcement mesh failed when this bond was lost. At that point the middle rib was car-
rying roughly 75% of the total load. The slab with one reinforcement mesh was able to continue to a
load of 145 kN. At that time the middle rib was carrying 45% of the total load. The distribution of the
slab with two reinforcement meshes hardly changed during the experiment and at the ultimate load of
165 kN the middle rib was still only carrying 36% of the total load. The outermost ribs in the two mesh
slab were still carrying a significant part of the load, while in the one mesh slab they were not carrying
at all and in the slab without mesh the outer ribs had even begun to be uplifted from the supports due
to deformation of the slab. The contributions of the ribs right next to the middle rib remained almost
constant during the entire test for all mesh configurations. For the two mesh slab it did not change at
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all and for the one mesh slab and the slab without mesh they slightly rose and fell respectively.
With regards to the deflection a clear difference could be seen as well. Already at a load of 10 kN a
small divergence in deflection between the mesh configurations could be seen. At a load of 60 kN the
maximum difference was roughly 15%. At the ultimate load the one mesh slab had a deflection approxi-
mately 30% higher, at 46 mm, in the middle rib than the two mesh slab. The slab without reinforcement
meshes only reached about 20 mm of deflection since it did not reach as high an ultimate load as the
other two slabs.

• The distance from the point of load application to the support also matters for the horizontal distribu-
tion of the load. At the shorter distance of 25% of the span length the 2 mesh slab has a more concen-
trated load at more than 40% of the total load when compared to the near 35% of the total load in the
1 mesh slab. But when the distance is increased the ability to distribute the forces more of the 2 mesh
slab becomes clear because at 75% of the span length the 2 mesh slab bears only slightly more than 25%
of the total load in the middle rib while the this has increased to more than 35% in the 1 mesh slab.

The following remarks can be made about the two dimensional analytical model that was created in order to
model the behaviour of the composite slab. With help of results from the laboratory experiments the analyti-
cal model was fine-tuned in order to reproduce the results that were found in the experiments. By doing this
it was hoped to obtain more information about the size of the model parameters and in what manner these
parameters are influenced by the boundary conditions, the mesh configuration and the location of the load.

• The goal of the analytical model was to create an easily usable tool that is based on mechanical be-
haviour of the composite slab so it could be changed to suit different design situations. In order to
achieve this the model was made to be two dimensional, modelling only a strip of the slab over the
entire width. The three dimensional effects of the slab configuration were included into the model pa-
rameters such as the translation spring stiffness, the rib rotation resistance and the bending stiffness
of the top slab and the distributive length. This goal was indeed reached. The model simulated the
behaviour of the composite slab by assuming the ribs as translation springs and the top part of the
cross-section as a continuous beam spanning the width of the model. The model had only a few pa-
rameters which are based on the assumed mechanical behaviour of the composite slab. The model was
also made to be two dimensional instead of three dimensional in order to keep the complexity as low
as possible.

• The parameters that are used in the model to determine the distribution of the concentrated load over
the width of the slab are the bending stiffness of the ribs, the rib span length, the bending stiffness
of the top slab, the rib rotation stiffness, the centre-to-centre length between ribs and the distributive
length. All of these factors were calculated based on the dimensions of the composite slab. Of these pa-
rameters ribs span length and bending stiffness which were combined into a single translation stiffness
coefficient, which relates the force acting on that rib and the deflection at the point of loading. The rib
translation spring stiffness had the largest impact on the distribution of all parameters. However, when
the model results were compared to the laboratory experiments it appeared that the assumptions that
were made about the translation stiffness of the ribs and the distributive length were not correct. In
the model it was assumed that the ribs were each acting as separate composite beams that are span-
ning the length of the slab with the top slab spanning the simulated beams over the width. But during
the experiments it was found that the rib translation coefficient was acting differently from what was
expected. The distributive length was also different in size from what was calculated beforehand and
this value differed far more when the boundary conditions were changed than was expected during the
initial calculations.

• A problem with the concept of the ribs acting as separate beams was discovered while analysing the
experiment results. Because it was chosen to evaluate the distribution of the concentrated load with
the support reactions at the end of the ribs and the deflection of the ribs at the location of the load.
These two variable were linked by the translation spring stiffness in the model. Because the ribs were
considered as separate in the model, this parameter only included one physical effect: the bending
stiffness of the ribs which was variable over the size of the applied load. This assumed that the distri-
bution happened completely at the location of load application. However, by examining the deflection
and load results the conclusion was reached that the load is also being continuously distributed along
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the width when travelling from the load application point towards the supports. This distribution hap-
pens through the combination of the stiffness of the ribs, the top slab and the damage state they both
are in at that specific load level. Thus the translation stiffness coefficient in the analytical model em-
bodies more than one physical effect: the bending stiffness of the ribs which is affected by damage and
the distribution over the length between the supports and the load by the top slab and the manner
in which this is affected by damage in the top slab. This means that the parameter in the analytical
model that represents these processes becomes increasingly difficult to estimate and it is influenced by
more factors than was thought before. Not only is it influenced by the components of the ribs but also
the components of the top slab and the level of the load. Because of the increased complexity of the
translation rib stiffness further analysis of this parameter and possibly extra research and experiments
are required in order to estimate the translation stiffness correctly. Unfortunately this means that the
analytical model is in the current state is not able to give accurate predictions of the horizontal distri-
bution of the load in the composite slab except for the situations that were simulated in the laboratory
experiments.

• It is possible to increase the accuracy of the analytical model by analysing the translation spring coef-
ficient and the distributive length further and possibly perform more experimentation to determine its
size under various boundary and loading conditions. However, this would defeat the purpose of an eas-
ily applicable and general analytical model. Thus a more appropriate solution would be to find a way to
model the deflection of the ribs in a different manner so that the interaction with the neighbouring ribs
can also be included. This would make it easier to estimate the value of the model parameters without
the need for additional laboratory experimentation.

The finite element model was meant to serve as a validation method for the analytical model. But after com-
paring the behaviour of the models to the results found in the laboratory experiments the following remarks
can be made.

• Instead of the full steel profiled deck with all the horizontal and longitudinal embossments, a reduced
steel profile was used in the model. This reduced area is the area of the steel deck that is effective when
a bending moment is acting on the steel deck. This did reduce the number of elements that had to be
modelled but it did mean that the influence of the steel that is not modelled is neglected.

• In order to reduce the calculation time of the model, the model was reduced to a quarter of the entire
composite slab. This could be done because the composite slab is symmetrical along the longitudinal
and transverse central lines. The result of this decision is that the number of elements was reduced to a
quarter of the original, but it also means that only the load case where the load is applied at the centre
of the span length is the only load case that can be modelled. The load case where the load is applied
at a quarter of the span length could not be modelled any more.

• The results of the finite element model calculations and the data found in the laboratory experiments
differed quite a lot, but the overall shape is similar. In the model the contributions of rib 2 and 3 are
almost identical until a certain loading. The middle rib and the outer rib act too weakly and the rib in
between acts to stiffly. Another point in which the results differ is the deflection. The deflection found
in the model is three times as high as that found in the experiments. The deflections in all ribs were
also nearly equal while in the experiments they differed much more. Because of the lack of accuracy
in the points mentioned here the finite element model cannot be used as a validation method for the
analytical model or as a tool to analyse the behaviour of the test specimens in the experiments. But it
might be possible to improve the model to become more accurate and usable in practice.

• A possible cause of these difference mentioned above is the use of the effective area of the steel deck
instead of the full area. And perhaps the behaviour of the concrete was not entirely as planned either,
because even when it was heavily cracked the outer ribs were still dragged down, increasing in deflec-
tion but not in loading found at the supports.

Finally a conclusion that could be drawn that is of use for designers in practice concerns the effective width
of the composite slab type that was researched in this thesis. The effective width length over which a concen-
trated load can be spread in order to calculated the resistance needed to bear the load is indeed influenced
by the number of meshes that are added to the composite slab. With two reinforcement meshes the concen-
trated load can be spread out over all five ribs. If there is only one mesh or no mesh at all the load eventually
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concentrates to only the middle three ribs and the outer two ribs stop contributing.

9.2. SUGGESTIONS FOR FURTHER RESEARCH
From the data and results that were acquired during the course of this thesis several areas and subjects were
encountered in which more investigation or research is still required. They are split up in the following cate-
gories: analytical model, finite element model, laboratory experiments and subjects that lie outside the scope
of this thesis but nevertheless deserve to be researched.

Topics related to the analytical model are the following.

• With regards to the analytical model there are several improvements that could be made. First of all
the model assumed that all supports where at an equal height. Because the ribs were individually sup-
ported during the experiments this might not have been the case. Looking further into the influence
that a varying height in the supports has may provide additional insights into the behaviour of the com-
posite slab. Although due to the way in which this floor type is installed in practice, the influence it has
should be relatively low.

• Another aspect that was not taken into account is the stiffness of the supports. All supports where as-
sumed to have an equal and infinite stiffness. This might not be true especially in practice, since the
decks are often placed on the bottom flange of steel profile beams. Some ribs might therefore experi-
ence a different support stiffness than others. The influence this has on the distribution was not taken
into account in the analytical model and should be looked into.

With regards to the finite element model the following topics should be addressed.

• The finite element model uses only the area of the steel profiled deck that is considered effective in
bending. While this assumed area makes the analytical analysis easier to perform, it is not conforming
to reality and may decrease the accuracy of the model. It would therefore be informative to run FEM
simulations with a model that contains the complete steel profiled deck. It would be even better if all
of the embossments are also included into the model.

• Another aspect which could be improved was the fact that the model contained only a quarter of the
entire slab and was cut down along the axis of symmetry. This does reduce the calculation time and
the number of elements but it meant that only the load in the centre of the span could be modelled.
Modelling the entire slab would make it possible to place the load anywhere on the slab to study its
effects.

• The material properties of the model could also be improved. The assumed strength of the concrete
compressive and tensile strength might have been underestimated. And the effective cross-section of
the steel deck that was assumed to be active in the composite slab might be larger than was modelled.

• In order to better understand the influence of the model parameters, it is also advised to perform a
parameter study.

• Lastly it is also suggested to also model only a single rib. This model could provide more information
about the effective cross-section of the steel deck and if this model is validated through testing then it
can be expanded to include multiple ribs.

In relation to the laboratory there are the following subjects that are deserving of extra research.

• First of all the influence of the steel profiled deck on the distribution of the load is still not clear yet. It
was checked during the laboratory experiments whether or not the steel deck was active in the trans-
verse direction while the load was being distributed towards the sides. This appeared to be the case,
although the stress in the deck was different in the various test specimens. But the exact size of the
contribution of the steel deck is not yet known. In the 1 mesh slab the steel stress in the transverse di-
rection even passed far beyond the yield stress of the steel. This indicates that the steel’s contribution is
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quite significant and since the 1 mesh deck is the default configuration when the composite deck type
considered in this thesis is constructed, learning more on this subject is advisable.

• After the bond between the concrete and the steel deck was lost part of the composite action in the slab
was lost. Yet the slip at both ends of the middle rib increased only very little. This was likely due to
the mechanical interlocking of the concrete and the embossments in the steel deck. Excessive slip was
likely prevented because of the embossments but the slip still increased slowly. The maximum load at
which the mechanical interlock would fail is not known however and also whether the embossments
would fail in a brittle or a ductile manner was not observed during the experiments since they were not
the critical component.

• Another aspect of the behaviour of the composite slab that could not be observed was the crack prop-
agation in on the bottom side of the concrete. This was because there the steel deck was obstructing
the view and it was impossible to remove the steel deck after the experiments were done. Thus in
what manner the concrete was cracked between the deck and the concrete is not known and should be
looked into.

• The non-destructive tests at a quarter of the span length already provided much information about the
distribution and the influence of the length from the support to the point of load application. How-
ever the test specimens were only loaded until a relatively low load size, especially the slab without
reinforcement mesh because it was faired that the influence of this test on the destructive test would
otherwise become too large. Thus the distribution behaviour of the slabs at higher load levels is not
known. It might provide new information if destructive tests were performed with the load applied at
various different lengths from the support in order to gain more insight into the precise influence this
factor has on the horizontal distribution.

Then there are subjects which were not part of this thesis but are not yet known completely.

• The horizontal and vertical shear capacities of the composite deck are another area in which more
knowledge is required. Both of these subjects fell outside the scope of this thesis, but both the hor-
izontal and vertical shear play an important role in the behaviour of the composite slab. During the
experiments the load was placed in the centre and thus the vertical shear capacity was not critical, but
whenever load is placed closer to the support it does become critical. The contribution of the steel deck
towards bearing this vertical shear load is at the moment not known. It other research that was done
on this subject indicating that just using the capacity of the concrete is an underestimation was already
mentioned in chapter 3. But the exact contribution of the steel deck is not yet done. The horizontal
shear capacity of the steel deck did play a role during the laboratory experiments. The shearing away
of the steel deck from the concrete was observed in all test specimens at approximately the same load
level. But the exact stress at which the chemical bond between the concrete and the steel fails is not
known and thus the vertical shear capacity of this type of composite floor.
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C
EXPANDING THE TWO-DIMENSIONAL

MODELS

This appendix will provide further explanations and more detailed computation on the manner in which the
two-dimensional models were expanded with more ribs

C.1. MODEL TYPE 1
Model type 1 was established for a slab supported by three ribs. But by using the same methods as done when
first setting up this model, it can be expanded into one that encompasses more ribs. The equations that are
used to produce a model of five ribs connected by intermediate slabs are shown in the equations below. All of
the ribs can be loaded by a concentrated force. The schematic representation of what is modelled is shown in
figure C.1.5.8. According to what is written in section 5.2.2, it is assumed that the bending moments on either
side of an intermediate slab are not equal but can be determined and expressed as a product of the rotation
of the intermediate slab and a coefficient that is computed using the methods from section 5.2.2.

Figure C.1: Model type 1 with five separate ribs.

The internal forces in this model will be determined by setting the equilibrium equations for one rotation
spring per intermediate span and relating the internal forces and deflections of the ribs to the rotations oc-
curring in these rotation springs. First of all the following equations C.1,C.2,C.3,C.4 and C.5 are used to relate
the shear forces in the ribs with the deflections of those ribs.

δe = FE +Vce

kr e
(C.1)

δc = FC +Vac

kr c
(C.2)

δa = FA −Vab −Vac

kr a
(C.3)
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δb = FB +Vab

kr b
(C.4)

δd = FD +Vbd

kr d
(C.5)

Where δ is the deflection of a rib, F is a concentrated load and V is a shear force. The relations of the shear
forces in the ribs and the bending moments acting in the intermediate beams are as shown in equations
C.6, C.7, C.8 and C.9. In these formulas the indices indicate the at which rib the bending moment in an
intermediate slab occurs and on which side of the rib it occurs (left L or right R).

Vce = Me +McL

Lce
(C.6)

Vac = MaL +McR

Lac
(C.7)

Vab = MaR +MbL

Lab
(C.8)

Vbd = MbR +Md

Lad
(C.9)

Where V is a shear force and M is a bending moment. The deflections of the ribs, and thus also implicitly the
shear forces and the bending moments, are related to the rotation of the intermediate beams and the rotation
springs with the equations C.10, C.11, C.12 and C.13.

θce = (δc −δe )

Lce
(C.10)

θac = (δa −δc )

Lac
(C.11)

θab = (δa −δb)

Lab
(C.12)

θbd = (δb −δd )

Lbd
(C.13)

Where θ is the rotation of the rotation springs and δ is the deflection of a rib. The bending moments acting
in the intermediate beams cause rotation in the rotation springs according to equations C.14, C.15, C.16 and
C.17. The bending moments on either side of an intermediate slab are related to each other by equations
C.18, C.19, C.20 and C.21, where the coefficients ksu and ksd are determined through the methods used in
section 5.2.2.

θce,s = McL

ksu
(C.14)

θac,s = MaL

ksu
(C.15)

θab,s =
MaR

ksu
(C.16)

θbd ,s =
MbR

ksu
(C.17)

Me

ksd
= McL

ksu
(C.18)

McR

ksd
= MaL

ksu
(C.19)

MaR

ksu
= MbL

ksd
(C.20)

MbR

ksu
= Md

ksd
(C.21)
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All of the equations given above are combined into the equilibrium equations C.22, C.23, C.24 and C.25 for
one rotation spring of each of the intermediate beams.

θce −θce,s = 0 (C.22)

θac −θac,s = 0 (C.23)

θab −θab,s = 0 (C.24)

θbd −θbd ,s = 0 (C.25)

From these equilibrium equations all moments in the rotations springs and all shear forces in all the trans-
lation springs can be determined. This makes it also possible to calculate the deflection of the translation
springs and thus create a deflection diagram for the entire width of the model.

C.2. MODEL TYPE 2

The type 2 model for modelling a composite slab in a two-dimensional way was already established in chapter
??. This section will give detaile explanations on the steps done to include more features into this model type
that were not highlighted in the main report. The features that will be discussed in this section are inclusion
of additional ribs, varying bending stiffness of the top slab and addition of the self-weight of the composite
slab as a distributed load.

C.2.1. A MODEL WITH FIVE RIBS

Model type 2 initially included only 3 ribs, but by using the same methods of modelling it can be expanded
by however many ribs to either side as is necessary. When including two ribs on both side of the central
rib, so five in total, the set of linear equations that defines the system becomes as shown in equation C.26.
Since there are four intermediate spans now, the model consists of four fields. The model that is computed is
schematically shown in figure C.2.

Figure C.2: Model type 2 with five separate ribs and a concentrated load acting on each of the ribs. The top slabs have a constant
bending moment E I . The translation springs are supported in the horizontal direction and can only move vertically.
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0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 kr e
E I 0 0 0 0 0 0 0 0 0 0 0 0

−L −1 0 0 L 1 0 0 0 0 0 0 0 0 0 0

− L2
2E I − L

E I − 1
E I 0 L2

2E I
L

E I
1

E I 0 0 0 0 0 0 0 0 0

L3
6E I

L2
2E I

L
E I

1
E I − L3

6E I
− L2

2E I − L
E I − 1

E I 0 0 0 0 0 0 0 0

kr cL3

6E I −1 kr cL2

2E I
kr cL

E I
kr c
E I 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 −2L −1 0 2L 1 0 0 0 0 0 0 0

0 0 0 0 − (2L)2
2E I − 2L

E I − 1
E I 0 (2L)2

2E I
2L
E I

1
E I 0 0 0 0 0

0 0 0 0 (2L)3
6E I

(2L)2
2E I

(2L)
E I

1
E I − (2L)3

6E I
− (2L)2

2E I − (2L)
E I − 1

E I 0 0 0 0

0 0 0 0 kr a(2L)3

6E I −1 kr a(2L)2

2E I
kr a(2L)

E I
kr a
E I 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 −3L −1 0 0 3L 1 0 0 0

0 0 0 0 0 0 0 0 − (3L)2
2E I − 3L

E I − 1
E I 0 − (3L)2

2E I
3L
E I

1
E I 0

0 0 0 0 0 0 0 0 (3L)3
6E I

(3L)2
2E I

(3L)
E I

1
E I − (3L)3

6E I
− (3L)2

2E I − (3L)
E I − 1

E I

0 0 0 0 0 0 0 0 kr b(3L)3

6E I −1 kr b(3L)2

2E I
kr b(3L)

E I
kr b
E I 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 −4L 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 kr d(4L)3

6E I −1 kr d(4L)2

2E I
kr d(4L)

E I
kr d
E I



×



A1
A2
A3
A4
B1
B2
B3
B4
C1
C2
C3
C4
D1
D2
D3
D4



=



0
Fe
0
0
0

Fc
0
0
0

Fa
0
0
0

Fb
0

Fd



(C.26)
Where Ai , Bi , Ci and Di are the integration constants from all the differential equations that were used. From
this set of equations the expressions for the deflection and thus implicitly the rotation of the cross-section,
the moment and shear can be obtained in the form of equation C.27. Where expression 1 with constants A
runs from x = 0 to x = L, expression 2 from x = L to x = 2L, etc.

wi = A1x3

6E I
+ A2x2

2E I
+ A3x

E I
+ A4

E I
(C.27)

In the matrix above a pattern can be seen across the diagonal. Repeating this pattern to expand the matrix
allows for including as many ribs on either side as necessary.

C.2.2. CRACKED AND UNCRACKED INTERMEDIATE SLABS
In chapter 5 it was already discussed how model type 2 could include varying bending stiffnesses along the
intermediate slabs. This is done by dividing the intermediate slabs into multiple fields, each with its own
differential equation and bending stiffness. It was already shown for a subdivision into two separate fields,
but in order to take into account not only the direction of the bending moments, but also the cracking of the
concrete in the top slabs. Since the cracked sections of the top slab will have a lower bending stiffness, this
requires the top slab to be divided into four fields namely:

• Negative bending moment and cracked concrete

• Negative bending moment and uncracked concrete

• Positive bending moment and uncracked concrete

• Positive bending moment and cracked concrete

So four fields per span and four spans results in a set of 64 equations and 64 unknowns. Because the bending
stiffness depends on the direction of the bending moment, which is variable, they will be numbered. The in-
dices indicates the span and its number in a field of a certain bending stiffness. The resulting matrix equation
is shown in equation C.28. The accompanying schematic model that this equation is describing is shown in
figure C.3.
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Figure C.3: Model type 2 with five separate ribs and a concentrated load acting on each of the ribs. The top slabs have a varying bending
moment E I . The translation springs are supported in the horizontal direction and can only move vertically.
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C.2.3. ADDING ROTATION RESISTANCE OF THE RIBS
When the rotation resistance of ribs is added to the five rib model from above the result becomes as can be
seen in equation C.29. The model now looks as is shown in figure C.4.
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Figure C.4: Model type 2 with five separate ribs and a concentrated load acting on each of the ribs. The top slabs have a varying bending
moment E I . The translation springs are supported in the horizontal direction and can only move vertically. The translation springs and

the intermediate slab are connected with rotation springs
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C.2.4. LINE LOAD

With the addition of a line load to the composite slab, the differential equation used to determine the slab
behaviour changes slightly. Differential equation C.30 is now integrated into the shear force C.31, moment
C.32, rotation C.33 and deflection C.34 respectively.

E I
d 4w

d x4 = q (C.30)

V (x) =−E I
d 3w(x)

d x3 =−(
qx +C1

)
(C.31)

M(x) =−E I
d 2w(x)

d x2 =−
(

1

2
qx2 +C1x +C2

)
(C.32)

ϕ(x) =−w(x) =− 1

E I

(
1

6
qx3 + 1

2
C1x2 +C2x +C3

)
(C.33)

w(x) = 1

E I

(
1

24
qx4 + 1

6
C1x3 + 1

2
C2x2 +C3x +C4

)
(C.34)
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(C.35)

C.2.5. MODELLING SEVEN RIBS

Now the model has been improved with a number of features. The model will be expanded with two extra
ribs one more time. This will give still improved accuracy, because some load may be distributed towards the
outermost rib in a seven rib model. Or it is possible that the contribution of these ribs is so small that they
can be neglected all together. To find the answer to this question the model will be expanded once again.
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D
DETAILED COMPUTATION OF MODEL

PARAMETERS

This chapter details how the model parameters that are used for the analytical models were computed, if this
was not already done so in the main report. The parameters influence the outcome of the analytical model
and thus their computation should be done in a correct manner. However, sometimes assumptions about
material or mechanical behaviour had to be made. When this is the case, it will be highlighted as such.

D.1. BENDING STIFFNESS OF THE TOP SLAB
The computation of the bending stiffness of the top part of the intermediate slabs is a fairly straightforward
calculation. It is important, however, to decide what parts of the cross-section will be taken into account
when determining the stiffness. The cross-section that will be considered is displayed in figure D.1. The
components of the cross-section that will be assumed to contribute to the bending stiffness are.

1. The uncracked concrete

2. The cracked concrete (if applicable)

3. The top reinforcement mesh

4. The bottom reinforcement mesh

The top flange of the profiled steel deck is assumed not to contribute to the bending stiffness. This is due
to the geometry cross-section of the COMFLOR210, which is taken as a modelling subject in this thesis. The
embossment made in both corners of the top flange, see figure D.2a and D.2b, secure a larger effective steel
area when the steel profiled deck is loaded by a bending moment, by stiffening this corner to prevent local
buckling. This embossment continues over the full length of the steel deck and when is loaded in transverse
bending the top flange might not be stiff enough to contribute to the bending stiffness because of this em-
bossment. Another factor that makes the contribution of the top flange uncertain is the fact that the top part
of the composite deck can be loaded by both a positive and a negative bending moment between two ribs.
This would respectively cause a tension stress and compressive stress in the steel top flange. Because of these
uncertainties the contribution of the top flange of steel profiled deck to the bending stiffness is neglected.

D.1.1. CRACKING BENDING MOMENT AND THE BENDING STIFFNESS OF THE UNCRACKED CROSS-
SECTION

First of all the height of the bending moment at which the concrete starts to crack has to be determined.
Before this happens the concrete in the extreme fibres has not yet reached a tension stress at which it starts
to crack. It is assumed that until this happens the concrete in the cross-section is the only contributor to the
bending stiffness, because there has not yet been enough deformation for the steel reinforcement meshes to
become active.
Assuming that only the concrete in the cross-section is active, results in the examination of a simple rectangu-
lar area. The height of the neutral axis is therefore at half of the concrete height 0.5hc . The section modulus

169
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Figure D.1: The cross-section of the top slab in the traverse direction, with the used dimensions assigned. In this figure zc is the height
of the neutral axis.

(a) The cross-section of a single plate of the COMFLOR210
steel profiled deck.

(b) A close-up of the top corner of
the cross-section.

Figure D.2: The embossment made in this top corner provides more effective steel surface area in bending, but it does not provide
anchorage for the top flange in transverse bending of the top slab.

of the uncracked top slab Wt s,uc can then be computed via equation D.1 and then the cracking moment is
determined in equation D.2, where fctm is determined according to Eurocode 2 [2].

Wt s,uc = 1

6
Le f f h2

c (D.1)

Mcr,t s =
Wt s,uc

fctm
(D.2)

By using the values shown in table D.1 the section modulus is then calculated in equation D.1. It has to be
noted that the distributive length Ldi s is assumed to be 200 mm for now. But this value is actually a variable
in the modelling.

Table D.1: The parameters used to compute the section modulus of the uncracked top slab of the composite slab.

Parameters Values

Concrete class C 20/25

Ldi s 200 [mm]

fctm 2.2 [N /mm2]

hc 70 [mm]

Econcr 30000 [N /mm2]

The section modulus and the cracking moment are now computed in equation D.3 and D.4 respectively.

Wt s,uc = 1

6
×200×702 = 1.63×105mm3 (D.3)

Mcr,t s = 1.63×105

2.2
= 3.61×105N mm (D.4)

The next step is to calculate the bending stiffness of the uncracked cross-section. This is done by using equa-
tion D.5.
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E It s,uc = Econcr × It s,uc = Econcr × 1

12
×Ldi s ×h3

c = 30000× 1

12
×200×703 = 1.72×1011N mm2 (D.5)

Because the cross-section is not yet cracked and thus acts exactly the same when loaded by a positive bending
moment or a negative bending moment, the direction of the acting moment does not yet matter. This only
becomes an important issue after cracking of the concrete occurs.

D.1.2. BENDING STIFFNESS OF THE CRACKED CROSS-SECTION
After cracking of the concrete occurs because the tension stress becomes too large, a new equilibrium is es-
tablished. The reinforcement meshes will act in tension to resist and act in unison with the compression
stresses in the concrete compression zone. It is not that the direction of the of the acting bending moments
starts being an important issue. This is because of the asymmetrical nature of the cross-section along the hor-
izontal axis. This asymmetry is caused by the unequal cover heights of the reinforcement meshes at the top
and the bottom of the top slab. The parameters that will be used in this section additional to the parameters
already introduced in the previous section are displayed in table D.2.

Table D.2: Addition parameters used to compute the bending stiffness of the cracked top slab of the composite slab. It has to be noted
that the surface area of the reinforcement meshes is related to the length Ldi s that is chosen, since it concerns a 8-150 mesh.

Parameters Values Units

hst1 19 mm

hst2 56 mm

Econcr 30000 N /mm2

As1 67 mm2

As2 67 mm2

Es1 210000 N /mm2

Es2 210000 N /mm2

First of all the newly established equilibrium needs to be computed in order to learn which parts of the cross-
section are cracked and which are not. The equilibrium that is created after the concrete cracks is governed
by three equations.

• The horizontal equilibrium of the cross-section
∑

Fx = 0

• The similarity of the strain diagrams of the concrete and the tensile reinforcement

• The moment equilibrium of the cross-section
∑

Mcs = 0

There are several situations that need to be checked however. The composite slab can be reinforced by two
reinforcement meshes or only one reinforcement mesh at the top. And the direction of the acting bending
moment also matters because of the horizontal asymmetry of cross-section. Therefore there are four different
situations that can be identified. The corresponding stress-strain diagrams are drawn in figure D.3.

1. A positive bending moment acts on the cross-section with only the top reinforcement mesh

2. A positive bending moment acts on the cross-section with both the top and the bottom reinforcement
meshes

3. A negative bending moment acts on the cross-section with only the top reinforcement mesh

4. A negative bending moment acts on the cross-section with both the top and the bottom reinforcement
meshes

In figure D.3 the total height of the cross-section is indicated by hc and the heights of the top reinforcement
mesh and the bottom reinforcement mesh are hst1 and hst1 respectively. The stresses of the top and bottom
reinforcement meshes and the concrete are respectively εs1, εs2 and εc and the imaginary concentrated loads
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(a) The stress and strain diagram resulting from a
positive bending moment on a cross-section with

only the top reinforcement mesh.

(b) The stress and strain diagram resulting from a
positive bending moment on a cross-section with

both the top and the bottom reinforcement meshes.

(c) The stress and strain diagram resulting from a
negative bending moment on a cross-section with

only the top reinforcement mesh.

(d) The stress and strain diagram resulting from a
negative bending moment on a cross-section with

both the top and the bottom reinforcement meshes.

Figure D.3: Both stress and strain diagrams resulting from a positive and negative bending moments acting on the cross-section of the
top part of the composite slab.

acting on the cross-section as a result of the stresses caused by those strains are Ns1, Ns2 and Nc . The height of
the compression zone is xe . The four situations described above will be elaborated upon separately below and
at the end of this section they will be compared in a table to give a good overview the effect of the direction of
the bending moment and the presence bottom reinforcement mesh have on the bending moment stiffness.

A POSITIVE BENDING MOMENT ACTING ON A CROSS-SECTION WITH ONLY A TOP REINFORCEMENT MESH

The three equations governing the new equilibrium, see figure D.3a, are implemented in equations D.6, D.7
and D.8 respectively, while doing this it is assumed that the neutral axis of the cross-section is situated above
the position of the top reinforcement mesh. This will be checked at a later stage of course.

∑
Fx = 0 → 1

2
×Ldi s ×xe ×εc ×Econcr = εs1 × As1 ×Es1 (D.6)

εc

εs1
= xe

hst1 −xe
(D.7)

∑
Mcs = 0 → εs1 × As1 ×Es1 ×

(
hst1 − xe

3

)
= Mcr (D.8)

When the values from table D.2, in addition to the values introduced previously, are used the equations from
above result in equations D.9, D.10 and D.11.

∑
Fx = 0 → 1

2
×200×xe ×εc ×30000 = εs1 ×67×210000 (D.9)

εc

εs1
= xe

19−xe
(D.10)
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∑
Mcs = 0 → εs1 ×67×210000×

(
67− xe

3

)
= 3.61×105 (D.11)

The three equations above can be solved for the four unknown factors εc , εs1 and xe . With the height of
the compression zone just after cracking of the concrete occurs now known, it can be checked whether the
initial assumption about the position of the top reinforcement was correct. The values resulting from the
calculations are shown in table D.3.

Table D.3: The values of the unknowns found trough solving the equilibrium equations for the cross-section.

Parameters Values Unit

xe 7.381 mm

εc 1.551×10−3 −
εs1 0.986×10−3 −

The height of the compressive zone is indeed smaller than the height at which the top reinforcement mesh
is located. Now that the stress and strain diagrams are completely known. The next step is to calculate the
height of the neutral axis of the cross-section. This is done by implementing the formula shown in equation
D.12.

zc =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.12)

This is done for all components of the cross-section in table D.4.

Table D.4: This table displays the computation of the height of the centre of gravity of the cross-section.

Component Young’s
mod-
ulus E
[N /mm2]

Width
b
[mm]

Height
h
[mm]

Surface
area A
[mm2]

Height
centre of
gravity yc

[mm]

yc × E × A
[N mm]

E × A[N ]
yc ×E × A∑

E × A
[mm]

Concrete 3.0×104 200 7.381 1476 3.690 1.634×108 4.428×107 0.89

Cracked
concrete

1.0×104 200 62.620 12524.0 38.690 1.652×109 1.252×108 9.00

Top rein-
forcement
mesh

2.1×105 − − 67 19 2.674×108 1.407×107 1.46

Sum 7.373×109 8.159×108

Height centre of gravity zc 11.34

With the height of the neutral axis known, the bending stiffness of the cross-section can now be calculated
according to formula D.13.

E It s =
∑(

Ei × (Iei g en,i + Istei ner,i )
)

(D.13)

This is done for all components of the cross-section in table D.5.
With this the bending stiffness of the top slab under a positive bending moment only the top mesh is now
known.
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Table D.5: This table displays all the components used for the computation of the bending stiffness of the cross-section.

Component Young’s
modulus E
[N /mm2]

Iei g en

[mm4]
Istei ner

[mm4]
Itot [mm4] E × I [N mm2] Percentage

[%]

Concrete 3.0×104 6.699×103 8.647×104 9.317×104 2.795×109 6

Cracked
concrete

3.0×104 4.092×106 3.836×105 4.476×106 4.476×1010 91

Top rein-
forcement
mesh

2.1×105 3.217×103 3.928×103 7.145×103 1.500×109 3

Positive bending stiffness with only top mesh E It s,pos,1 [N /mm2] 4.906×1010 100

A POSITIVE BENDING MOMENT ACTING ON A CROSS-SECTION WITH BOTH A TOP AND A BOTTOM REINFORCE-
MENT MESH

The three equations governing the equilibrium from the previous section are now split into four equations
because the similarity of the strain diagrams is expanded by another triangle, that of the added reinforcement
mesh. The situation that is considered can be seen in figure D.3b. The four equilibrium equations are imple-
mented in equations D.14, D.15, D.16 and D.17 respectively, while doing this it is assumed that the neutral
axis of the cross-section is situated above the position of the top reinforcement mesh. This will be checked at
a later stage of course.

∑
Fx = 0 → 1

2
×Ldi s ×xe ×εc ×Econcr = εs1 × As1 ×Es1 +εs2 × As2 ×Es2 (D.14)

εc

εs2
= xe

hst2 −xe
(D.15)

εs1

εs2
= hst1 −xe

hst2 −xe
(D.16)

∑
Mcs = 0 → εs1 × As1 ×Es1 ×hst1 +εs2 × As2 ×Es2 ×hst2 − 1

2
× Ldi s ×εc ×x2

e ×Econcr

3
= Mcr (D.17)

When the values from table D.2, in addition to the values introduced previously, are used the equations from
above result in equations D.18, D.19, D.20 and D.21.

∑
Fx = 0 → 1

2
×200×xe ×εc ×30000 = εs1 ×67×210000+εs2 ×67×210000 (D.18)

εc

εs2
= xe

56−xe
(D.19)

εs1

εs2
= 19−xe

56−xe
(D.20)

∑
Mcs = 0 → εs1 ×67×210000×19+εs2 ×67×210000×56− 1

2
× 200×εc ×x2

e ×30000

3
= 3.61×105 (D.21)

The four equations above can be solved for the four unknown factors εc , εs1, εs2 and xe . With the height of
the compression zone just after cracking of the concrete occurs now known, it can be checked whether the
initial assumption about the position of the top reinforcement was correct. The values resulting from the
calculations are shown in table D.6.
The height of the compressive zone is indeed smaller than the height at which the top reinforcement mesh
is located. Now that the stress and strain diagrams are completely known. The next step is to calculate the
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Table D.6: The values of the unknowns found trough solving the equilibrium equations for the cross-section.

Parameters Values Unit

xe 14.643 mm

εc 0.173×10−3 −
εs1 0.051×10−3 −
εs2 0.488×10−3 −

height of the neutral axis of the cross-section. This is done by implementing the formula shown in equation
D.22.

zc =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.22)

This is done for all components of the cross-section in table D.7.

Table D.7: This table displays the computation of the height of the centre of gravity of the cross-section.

Component Young’s
mod-
ulus E
[N /mm2]

Width
b
[mm]

Height
h
[mm]

Surface
area A
[mm2]

Height
centre of
gravity yc

[mm]

yc × E × A
[N mm]

E × A[N ]
yc ×E × A∑

E × A
[mm]

Concrete 3.0×104 200 14.643 2928.0 7.320 6.430×108 8.784×107 5.52

Cracked
concrete

3.0×104 200 55.360 11072.0 42.320 3.065×109 5.536×105 26.30

Top rein-
forcement
mesh

2.1×105 − − 67 19 2.674×108 1.407×107 2.29

Bottom
reinforce-
ment
mesh

2.1×105 − − 67 56 7.882×108 1.407×107 6.76

Sum 4.763×109 1.165×108

Height centre of gravity zc 40.87

With the height of the neutral axis known, the bending stiffness of the cross-section can now be calculated
according to formula D.23.

E It s =
∑(

Ei × (Iei g en,i + Istei ner,i )
)

(D.23)

This is done for all components of the cross-section in table D.8.
With this the bending stiffness of the top slab under a positive bending moment both the top mesh and the
bottom mesh is now known.
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Table D.8: This table displays all the components used for the computation of the bending stiffness of the cross-section.

Component Young’s
modulus E
[N /mm2]

Iei g en

[mm4]
Istei ner

[mm4]
Itot [mm4] E × I [N mm2] Percentage

[%]

Concrete 3.0×104 5.230×104 3.296×106 3.384×106 1.005×1011 66

Cracked
concrete

3.0×104 1.179×106 3.373×106 4.552×106 4.552×1010 30

Top rein-
forcement
mesh

2.1×105 3.217×103 7.094×103 1.031×104 2.165×109 1

Bottom
reinforce-
ment
mesh

2.1×105 3.217×103 1.534×104 1.856×104 3.897×109 3

Positive bending stiffness with top and bottom meshes E It s,pos,1 [N /mm2] 1.520×1011 100

A NEGATIVE BENDING MOMENT ACTING ON A CROSS-SECTION WITH ONLY A TOP REINFORCEMENT MESH

The three equations governing the new equilibrium, see figure D.3c, are implemented in equations D.24, D.25
and D.26 respectively, while doing this it is assumed that the neutral axis of the cross-section is situated below
the position of the bottom reinforcement mesh. This will be checked at a later stage of course.

∑
Fx = 0 → 1

2
×Ldi s ×xe ×εc ×Econcr = εs1 × As1 ×Es1 (D.24)

εc

εs1
= xe

d −xe
(D.25)

∑
Mcs = 0 → εs1 × As1 ×Es1 ×d − 1

2
× Ldi s ×x2

e ×εc ×Econcr

3
= Mcr (D.26)

When the values from table D.2, in addition to the values introduced previously, are used the equations from
above result in equations D.27, D.28 and D.29.

∑
Fx = 0 → 1

2
×200×xe ×εc ×30000 = εs1 ×67×210000 (D.27)

εc

εs1
= xe

51−xe
(D.28)

∑
Mcs = 0 → εs1 ×67×210000×51− 1

2
× 200×x2

e ×εc ×30000

3
= 3.61×105 (D.29)

The three equations above can be solved for the four unknown factors εc , εs1 and xe . With the height of
the compression zone just after cracking of the concrete occurs now known, it can be checked whether the
initial assumption about the position of the top reinforcement was correct. The values resulting from the
calculations are shown in table D.9.

Table D.9: The values of the unknowns found trough solving the equilibrium equations for the cross-section.

Parameters Values Unit

xe 13.29 mm

εc 0.194×10−3 −
εs1 0.550×10−3 −
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The height of the compressive zone is indeed smaller than the height at which the top reinforcement mesh
is located. Now that the stress and strain diagrams are completely known. The next step is to calculate the
height of the neutral axis of the cross-section. This is done by implementing the formula shown in equation
D.30.

zc =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.30)

This is done for all components of the cross-section in table D.10.

Table D.10: This table displays the computation of the height of the centre of gravity of the cross-section.

Component Young’s
mod-
ulus E
[N /mm2]

Width
b
[mm]

Height
h
[mm]

Surface
area A
[mm2]

Height
centre of
gravity yc

[mm]

yc × E × A
[N mm]

E × A[N ]
yc ×E × A∑

E × A
[mm]

Concrete 3.0×104 200 13.29 2658.0 63.355 5.052×109 7.974×107 24.38

Cracked
concrete

3.0×104 200 56.71 11342.0 28.355 3.216×109 1.134×108 15.52

Top rein-
forcement
mesh

2.1×105 − − 67 19 2.674×108 1.407×107 1.29

Sum 8.535×109 2.072×108

Height centre of gravity zc 41.19

With the height of the neutral axis known, the bending stiffness of the cross-section can now be calculated
according to formula D.31.

E It s =
∑(

Ei × (Iei g en,i + Istei ner,i )
)

(D.31)

This is done for all components of the cross-section in table D.11.

Table D.11: This table displays all the components used for the computation of the bending stiffness of the cross-section.

Component Young’s
modulus E
[N /mm2]

Iei g en

[mm4]
Istei ner

[mm4]
Itot [mm4] E × I [N mm2] Percentage

[%]

Concrete 3.0×104 3.912×104 3.171×106 3.211×106 9.632×1010 61

Cracked
concrete

3.0×104 3.040×106 1.868×106 4.907×106 4.907×1010 31

Top rein-
forcement
mesh

2.1×105 3.217×103 5.754×104 6.076×104 1.276×1010 8

Positive bending stiffness with only top mesh E It s,pos,1 [N /mm2] 1.581×1011 100

With this the bending stiffness of the top slab under a negative bending moment only the top mesh is now
known.

A NEGATIVE BENDING MOMENT ACTING ON A CROSS-SECTION WITH BOTH A TOP AND A BOTTOM REINFORCE-
MENT MESH

The three equations governing the equilibrium from the previous section are now split into four equations
because the similarity of the strain diagrams is expanded by another triangle, that of the added reinforcement
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mesh. The situation that is considered can be seen in figure D.3d. The four equilibrium equations are imple-
mented in equations D.32, D.33, D.34 and D.35 respectively, while doing this it is assumed that the neutral
axis of the cross-section is situated above the position of the top reinforcement mesh. This will be checked at
a later stage of course.

∑
Fx = 0 → 1

2
×Ldi s ×xe ×εc ×Econcr = εs1 × As1 ×Es1 +εs2 × As2 ×Es2 (D.32)

εc

εs2
= xe

d −xe
(D.33)

εs2

εs1
= (d −xe )− (hst2 −hst1)

d −xe
(D.34)

∑
Mcs = 0 → εs1×As1×Es1×d +εs2×As2×Es2×(d −(hst2−hst1))− 1

2
× Ldi s ×εc ×x2

e ×Econcr

3
= Mcr (D.35)

When the values from table D.2, in addition to the values introduced previously, are used the equations from
above result in equations D.36, D.37, D.38 and D.39.

∑
Fx = 0 → 1

2
×200×xe ×εc ×30000 = εs1 ×67×210000+εs2 ×67×210000 (D.36)

εc

εs2
= xe

51−xe
(D.37)

εs2

εs1
= (51−xe )− (56−19)

51−xe
(D.38)

∑
Mcs = 0 → εs1×67×210000×51+εs2×67×210000× (51− (56−19))− 1

2
× 200×εc ×x2

e ×30000

3
= 3.61×105

(D.39)
The four equations above can be solved for the four unknown factors εc , εs1, εs2 and xe . With the height of
the compression zone just after cracking of the concrete occurs now known, it can be checked whether the
initial assumption about the position of the top reinforcement was correct. The values resulting from the
calculations are shown in table D.12.

Table D.12: The values of the unknowns found trough solving the equilibrium equations for the cross-section.

Parameters Values Unit

xe 13.389 mm

εc 0.196×10−3 −
εs1 0.550×10−3 −
εs2 0.009×10−3 −

The height of the compressive zone is indeed smaller than the height at which the top reinforcement mesh
is located. Now that the stress and strain diagrams are completely known. The next step is to calculate the
height of the neutral axis of the cross-section. This is done by implementing the formula shown in equation
D.40.

zc =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.40)

This is done for all components of the cross-section in table D.7.
With the height of the neutral axis known, the bending stiffness of the cross-section can now be calculated
according to formula D.41.
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Table D.13: This table displays the computation of the height of the centre of gravity of the cross-section.

Component Young’s
mod-
ulus E
[N /mm2]

Width
b
[mm]

Height
h
[mm]

Surface
area A
[mm2]

Height
centre of
gravity yc

[mm]

yc × E × A
[N mm]

E × A[N ]
yc ×E × A∑

E × A
[mm]

Concrete 3.0×104 200 13.38 2676.0 63.31 5.083×109 8.028×107 24.48

Cracked
concrete

3.0×104 200 56.620 11324.0 28.31 3.206×109 1.132×108 15.44

Top rein-
forcement
mesh

2.1×105 − − 67 19 2.674×108 1.407×107 1.29

Bottom
reinforce-
ment
mesh

2.1×105 − − 67 56 7.882×108 1.407×107 3.80

Sum 9.344×109 2.076×108

Height centre of gravity zc 41.21

E It s =
∑(

Ei × (Iei g en,i + Istei ner,i )
)

(D.41)

This is done for all components of the cross-section in table D.14.
With this the bending stiffness of the top slab under a negative bending moment both the top mesh and the
bottom mesh is now known.
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Table D.14: This table displays all the components used for the computation of the bending stiffness of the cross-section.

Component Young’s
modulus E
[N /mm2]

Iei g en

[mm4]
Istei ner

[mm4]
Itot [mm4] E × I [N mm2] Percentage

[%]

Concrete 3.0×104 3.992×104 3.190×106 3.229×106 9.688×1010 77

Cracked
concrete

3.0×104 8.874×105 9.268×105 1.814×106 1.814×1010 14

Top rein-
forcement
mesh

2.1×105 3.217×103 3.307×104 3.629×104 7.621×109 6

Bottom
reinforce-
ment
mesh

2.1×105 3.217×103 1.465×104 1.787×104 3.753×109 3

Positive bending stiffness with top and bottom meshes E It s,pos,1 [N /mm2] 1.264×1011 100

D.1.3. COMPARRISON OF BENDING STIFFNESSES
Now that the bending stiffness of the top part of the composite slab is computed for all four situations they
can be used in the analytical model. To give a convenient overview, they have been placed in table D.15.

Table D.15: This table displays the bending stiffness of the top part of the composite slab in all four of the scenarios of load and
reinforcement geometry.

Situation Bending stiffness
E It s [N mm2]

Positive bending moment + only top mesh 4.906×1010

Positive bending moment + top and bottom mesh 1.520×1011

Negative bending moment + only top mesh 1.581×1011

Negative bending moment + top and bottom mesh 1.264×1011

D.1.4. PLASTIC BENDING BEHAVIOUR OF THE TOP SLAB
As already discussed in chapter 5 the top slab has a certain bending stiffness, but when the end of the linear
elastic zone is reached the behaviour changes. It is assumed that the bending moment will remain constant
and that the bending stiffness decreases to accommodate the increasing rotation of the cross-section. By
using the same method as done before and assuming yielding in the reinforcement bars the elastic moment
capacity of top slab can be calculated. This process is very similar to the calculations done in the previous
section therefore only the results are shown in table D.16. Then using equation D.42, the rotation of the cross-
section at that point can be found.
The next step is to determine at what point failure will occur in the top slab. It is assumed that failure will
occur when the concrete in the compression zone reaches the ultimate compressive strain of 3.5×10−3. Since
the relation with the strains of the reinforcement is known, the rotation of the cross-section can be found from
this assumption. The moment is still assumed to be constant and the ultimate rotation κu is also known and
by again using equation D.42 the corresponding ultimate bending stiffness can be obtained. Both the ultimate
rotation and the corresponding bending stiffness are shown in table D.16. This is done for both directions.
It is noted that the unreinforced top slab only reaches the cracking moment capacity of the concrete and
fails immediately after that since there is no reinforcement present which could bear the force. The values
showed in the table below have been visualized in the graph in figure D.4. The bending stiffness of the points
in between the elastic phase and the ultimate rotation can be determined with equation D.42 again. Now the
behaviour of the bending stiffness of the top slab from elastic phase until failure is known.
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Type of top slab (Ldi s =
200mm)

0 meshes 1 mesh 2 meshes

Positive elastic moment ca-
pacity Me+

0.46×106 0.22×106 1.92×106

Positive elastic rotation
limit κe

2.67×10−6 4.47×10−6 1.26×10−5

Positive ultimate rotation
limit κu

− 4.47×10−6 1.26×10−5

Positive bending stiffness at
ultimate rotation E Iu+

− 5.70×108 8.28×109

Relative remaining bending
stiffness at ultimate limit
E I%+

− 1.2 5.4

Negative elastic moment
capacity Me−

0.46×106 1.69×106 1.69×106

Negative elastic rotation
limit κe

2.67×10−6 1.07×10−5 1.33×10−5

Negative ultimate rotation
limit κu

− 2.63×10−4 2.64×10−4

Negative bending stiffness
at ultimate rotation E Iu−

− 6.41×109 6.38×109

Relative remaining bending
stiffness at ultimate limit
E I%−

− 4.1 5.1

Table D.16: The values used for the M-κ-diagram of the top slab.

M = E I ×κ (D.42)
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Figure D.4: The bending moment-κ relationship for each of the top slab types. The bending stiffness can be determined with this graph.

D.2. BENDING STIFFNESS OF THE RIB
The bending stiffness of the ribs influences both the overall deflection of the composite slab and the hori-
zontal distribution of the concentrated load. It’s correct determination is therefore of importance. As with
the top part of the composite slab the ribs have a bending stiffness before any load is applied and before the
concrete has started cracking. After the acting bending moment becomes to large, non-compressive zone
parts of the cross-section will crack and will reduce the bending moment of the rib. The same steps will be
taken as for the top part of the composite slab: the uncracked bending moment will be computed, then the
cracking moment of ribs is determined and at finally the bending moment of the cracked ribs is calculated.
The cross-section of the rib that is used to analyse the bending stiffness is shown in figure D.5.
The values belonging to the variables that will be used in this section are all displayed in table D.17.
Before the bending stiffness can be calculated, the height of the neutral axis needs to be determined first.
Then the bending stiffness of the rib sections can be computed. On both of these computations the presence
or absence of the reinforcement meshes will have an influence. The influence will be quite small, but it cannot
be neglected until the size of their influence is known. Therefore three situations are considered.

1. No reinforcement meshes present

2. Only top reinforcement mesh is present

3. Both top and bottom reinforcement meshes are present
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Parameters Values Units

Reinforcement meshes (top
and bottom)

∅8−150 mm

hsl 1 27 mm

hsl 2 48 mm

hs,ab 50 mm

hc 70 mm

ha 210 mm

Bbot 56 mm

Br i b 175 mm

Btot 600 mm

Econcr,uc 30000 N /mm2

Econcr,cr 10000 N /mm2

As1 67 mm2

As2 67 mm2

Es1 210000 N /mm2

Es2 210000 N /mm2

Es,ab 210000 N /mm2

Aa,e f f 572.10 mm2

Ea 210000 N /mm2

Height neutral axis of steel
profile to top flange za,e f f

141.5 mm

Height centre of gravity of
trough area from bottom
flange

123.0 mm

Ia,e f f 4.20×106 mm4

Table D.17: The values of the parameters used to calculate the bending stiffness of the ribs.
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Figure D.5: The cross-section of a single rib

D.2.1. BENDING STIFFNESS OF THE UNCRACKED RIB
The height of the neutral axis needs to be determined first. This is done by implementing equation D.43.
The results of this computations for all scenarios are shown in tables D.18, D.19 and D.20 respectively.

zc,r =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.43)

The tables above show that the height ot the centre of gravity is slightly influenced by the presence of the
reinforcement meshes, although not by much. The bending stiffnesses correlating those centres of gravity
are computed in tables D.21, D.22 and D.23.
The computed bending moments from tables D.21, D.22 and D.23 are summarized in table D.24. The differ-
ence between the bending stiffnesses with or without reinforcement meshes are also displayed. The differ-
ence caused by the presence or absence of the reinforcement meshes is not very large, yet it is not small is
enough to be classified as negligible.
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Table D.18: This table displays the computation of the height of the centre of gravity of the uncracked cross-section without
reinforcement meshes.
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Table D.19: This table displays the computation of the height of the centre of gravity of the uncracked cross-section with only the top
reinforcement mesh.
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Table D.20: This table displays the computation of the height of the centre of gravity of the uncracked cross-section with both
reinforcement meshes.
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Table D.21: This table displays all the components used for the computation of the bending stiffness of the uncracked cross-section
without reinforcement meshes.
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Table D.22: This table displays all the components used for the
computation of the bending stiffness of the uncracked
cross-section with only the top reinforcement mesh.
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Table D.23: This table displays all the components used for the
computation of the bending stiffness of the uncracked

cross-section with both reinforcement meshes.
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Table D.24: This table displays an overview of the bending stiffness of the uncracked ribs with or without the presence of the
reinforcement meshes in the top part of the cross-section.

Situation Bending stiffness
E Ir,uc [N mm2]

Difference [%]

Both top and bottom reinforcement mesh 1.337×1013 0.0

Only top reinforcement mesh 1.331×1013 0.45

No top or bottom mesh 1.315×1013 1.65
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D.2.2. CRACKING BENDING MOMENT OF THE RIB

The bending stiffness of the ribs before cracking occurs is now known. The following step is to calculate the
cracking moment of the ribs. Again only the concrete of the cross-section will be taken into account for this
calculation, because it is assumed that the steel profiled deck and the steel reinforcement meshes are not yet
active.
First of all the height of the neutral axis has to be determined again. In this calculation the surface area of the
concrete in the top part of the composite slab and the concrete in the trough area are the only factors. The
calculation is done in equations D.44, D.45 and D.46, which calculate the surface of are of the trough Atr oug h ,
the distance of the centre of gravity of the trough from the bottom flange zc,tr oug h and the height of the
centre of gravity of the total cross-section zc,r i b,cr respectively. In this calculation the Young’s modulus of the
concrete is omitted because this variable is constant in both concrete areas, since no cracking has occurred
yet. The cross-section that is considered is depicted in figure D.6.

Atr oug h = ha × Bbot +Br i b

2
=

210× 56+175

2
=

24255.0mm2

(D.44)

zc,tr oug h = 1

3
× 0.5×Bbot +Br i b

0.5×Bbot +0.5×Br i b
=

1

3
× 0.5×56+175

0.5×56+0.5×175
=

123.0mm

(D.45)

zc,r i b,cr =
∑(

yC ,i × Ai
)∑

Ai
=

hc ×0.5×hc ×Btot + Atr oug h × (htot − zc,tr oug h)

Btot ×hc + Atr oug h
=

210×0.5×210×600+24255× (280−123)

600×70+24255
=

79.65mm

(D.46)

Figure D.6: The cross-section of the rib analysed during the calculation of the cracking moment of the rib.

With the height of the centre of gravity known, the following step is to compute the section modulus of the
cross-section with regards to the stress in the bottom fibres of the cross-section. The bottom fibres are chosen
here since the goal is after all the determine when the concrete will start to crack due to an excessive tensile
stress. This section modulus for the bottom is computed in equation D.48 and the inertia of the trough that
is used there is calculated in equation D.47.
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Itr oug h = B 2
bot ×4×Bbot ×Br i b +B 2

r i b

36× (Bbot +Br i b)
×h3

a =

562 ×4×56×175+1752

36× (56+175)
×2103 =

8.125×107mm4

(D.47)

Wr i b = Ir i b

htot − zc,r i b,cr
=

1
12 ×Btot ×h3

c +Btot ×hc × (zc,r i b,cr −0.5×hc )2 + Itr oug h + Atr oug h × (htot − zc,tr oug h − zc,r i b,cr )2

htot − zc,r i b,cr
=

1
12 ×600×703 +600×70× (79.65−0.5×70)2 +8.125×107 +24255× (280−123−79.65)2

280−79.65
=

3.271×108mm3

(D.48)

The final step to be taken is to calculate the bending moment Mr i b,cr at which the concrete in the ribs will
start to crack. This value depends not only on the geometry of the cross-section but of course also on the
tensile strength of the concrete class that will be used in the composite slab. The computation is done in
equation D.49.

Mr i b,cr =Wr i b × fctm =
3.271×108 ×2.2 =

3.61×106nmm2

(D.49)

D.2.3. BENDING STIFFNESS OF THE CRACKED RIB
After the concrete in the rib has cracked there will be a new equilibrium between the compression zone and
the cracked concrete on one side and the steel reinforcement and steel profiled deck on the other. The cracked
concrete is assumed to have approximately a third of the stiffness of that of the uncracked concrete. With this
information the steps of section D.2.1 can be repeated but now the concrete in the trough of the rib is cracked
and a new bending stiffness can be computed.
The height of the neutral axis needs to be determined first. This is done by implementing equation D.50. The
results of this computations for all scenarios are shown in tables D.25, D.26 and D.27 respectively.

zc,r =
∑(

yC ,i ×Ei × Ai
)∑

(Ei × Ai )
(D.50)

The tables above show that the height ot the centre of gravity is slightly influenced by the presence of the
reinforcement meshes, although not by much. The bending stiffnesses correlating those centres of gravity
are computed in tables D.28, D.29 and D.30.
The computed bending moments from tables D.21, D.22 and D.23 are summarized in table D.31. The differ-
ence between the bending stiffnesses with or without reinforcement meshes are also displayed. The differ-
ence caused by the presence or absence of the reinforcement meshes is not very large, yet it is not small is
enough to be classified as negligible. The bending stiffnesses of both the cracked and uncracked ribs and the
difference in percentage are shown in table D.32.
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Table D.25: This table displays the computation of the height of the centre of gravity of the cracked cross-section without reinforcement
meshes.
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Table D.26: This table displays the computation of the height of the centre of gravity of the cracked cross-section with only the top
reinforcement mesh.
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Table D.27: This table displays the computation of the height of the centre of gravity of the cracked cross-section with both
reinforcement meshes.
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Table D.28: This table displays all the components used for the computation of the bending stiffness of the cracked cross-section
without reinforcement meshes.
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Table D.29: This table displays all the components used for the
computation of the bending stiffness of the cracked cross-section

with only the top reinforcement mesh.
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Table D.30: This table displays all the components used for the
computation of the bending stiffness of the cracked cross-section

with both reinforcement meshes.
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Table D.31: This table displays an overview of the bending stiffness of the cracked ribs with or without the presence of the
reinforcement meshes in the top part of the cross-section.

Situation Bending stiffness
E Ir,uc [N mm2]

Difference [%]

Both top and bottom reinforcement mesh 8.688×1012 0.0

Only top reinforcement mesh 8.672×1012 0.18

No top or bottom mesh 8.600×1012 1.01
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Table D.32: This table displays an overview of the bending stiffness of the cracked ribs with or without the presence of the
reinforcement meshes in the top part of the cross-section.

Situation Uncracked bending
stiffness E Ir i b,uc

[N mm2]

Cracked bending
stiffness E Ir i b,cr

[N mm2]

E Ir i b,cr

E Ir i b,uc
×100 [%]

Both top and bottom reinforce-
ment mesh

1.337×1013 8.688×1012 64.98

Only top reinforcement mesh 1.331×1013 8.688×1012 65.15

No top or bottom mesh 1.315×1013 8.688×1012 65.40
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F
MATERIAL TESTING

F.1. TEST SET UP
The Dowty-Rotel test set-up is used to perform the tension tests on the steel members in the Stevin II lab-
oratory at the University of Technology in Delft. This test set up is shown in Figure F.1a The maximum load
capacity of this set up is 250 kN. The Dowty-Rotel test set up is used to perform the tests on the reinforcement
bars and the steel deck test pieces. The concrete tests are performed in a different set up, this set up is shown
in Figure F.1b. The concrete cubes are loaded in compression and tension to obtain the required material
data. The same test set up is used for both tests. The maximum capacity for this set up is 5000 kN.

(a) The Dowty-Rotel test set-up (b) Test set-up for the concrete cubes

Figure F.1: The test set-ups for the material tests

F.1.1. STEEL TESTS

The different steel members are loaded in the Dowty-Rotel test set-up. Steel deck test pieces are cut out of a
part of the steel deck. Reinforcement bars Ø8-150 and Ø20 of about 35 centimeter are tested as well.

The force applied to the test specimen and the displacement of the cylinder is measured during the steel
tests. This displacement is not the exact displacement of the specimen; slip inside the clamps and other phe-
nomena restrain the possibility to calculate the strain from this data. An extensiometer is used to measure
the displacement in the specimen only over a specific length. This device is attached to the test piece and
stretches during loading. This displacement removes the contribution of slip in the clamps and follows the
displacement of the test specimen to obtain a more reliable displacement pattern, but also has some disad-
vantages.

199
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The Extensiometer is not capable in following the displacement path very accurately. This device generates
friction during the test and results are therefore not very accurate, especially in the elastic part of the σ-ε-
diagram. The elastic part is furthermore also influenced by other effects, such as warping effects and so on.
The elastic part of the diagram is however not the main objective of the tension test.

The objectives of the material tests is to obtain force characteristics of the used material. Especially the yield
stress of the different materials is an important aspect. The displacement characteristics are less important;
the expectation is that the concrete will crack and will be governing during the laboratory test on the Com-
Flor210 specimens.

F.1.2. CONCRETE TESTS

Concrete cubes with dimensions 150x150x150 mm are cast at the same moment as the ComFlor210 test spec-
imens were cast. The concrete specifications of the cubes are thus the same as the concrete in the floors. In
total 36 test cubes were cast, which will be tested in four series:

1. The 28 days concrete tests

2. Test series performed at the day of the first ComFlor210 test

3. Test series performed at the day of the second ComFlor210 test

4. Test series performed at the day of the third ComFlor210 test

The tests at the day of the experiments makes sure that the analyses can be performed with the actual con-
crete strength. The 28 day test is executed to verify the strength class of the concrete that the concrete factory
provided.

Every test series consists of nine tests: three compression tests and six split tests. The expectation beforehand
was that the scatter in the test results of the split tests are greater than the compression tests. The compres-
sion test provides the cubic compression strength and the split tests the tension strength of the concrete.

Further details of the tests are considered in section F.4. The steel tests are discussed first, starting with the
steel deck tests and followed by the tension tests on the reinforcement. The concrete test are discussed here-
after.

F.2. STEEL DECK TESTS

The first material that will be discussed is the steel deck of the composite floor. Test pieces are cut out of
the effective area of the thin steel plate; at the topside of the ribs. This is depicted in figures F.2a and F.2b.
The dimensions of the "dog-bone" model are according the Dutch codes [17]. The most important matter in
determining the geometric properties is that there is enough difference in the width between the middle and
end parts of the test pieces. This makes sure that the stress at the middle part will be governing and failure
will occur in this part.

The small cross section will fail due to the increasing load. The extensiometer is used to measure the relative
displacement in the middle part of the test pieces. A σ-ε-diagram can be constructed if this measuring de-
vice is used properly. The "dog-bone" test pieces reduce the length of possible governing cross sections and
promote the usage of the extensiometer. This advantage is not the case with the reinforcement test pieces.
This will be discussed in the next section. A unbroken and broken test piece is shown in figure F.2c. Eight test
specimens are made with equal dimensions.
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(a) Location close up (b) Location overview
(c) Two

(un)broken test
pieces

Figure F.2: The test pieces to obtain the material data from the steel deck. The location where they are cut out is also shown.

.

The dimensions of these tension test pieces are shown in table F.1. The steel decks are cold formed to cre-
ate the desired shape. The test pieces are cut out of the effective area of the steel deck and are therefore
influenced by the cold forming process, resulting in dents and slight warping. An accurate thickness could
therefore not be measured. The nominal thickness of 1,25 mm is therefore taken for every test piece.

The width of the necking area is measured three times for every specimen. The measuring length is the length
that is covered by the extensiometer; this is the initial length of the extensiometer and is used to calculate the
strain. Special tubes are made to keep these values constant and to avoid any deviations between the four
attachments. A deviation will introduce measuring errors. Figure F.3a and F.3b show an overview and a close-
up of the test piece in the test set-up with the extensiometer attached to the middle part of the specimen.
Figure F.3c shows four broken test pieces.

Table F.1: The geometric characteristics of the necking area of the steel deck test pieces.

Bar Thickness [mm] Width [mm] Surface [mm2] Measuring length [mm]

1 1.25 19.92 24.90 50.1

2 1.25 20.17 25.21 50.1

3 1.25 20.03 25.04 50.1

4 1.25 20.4 25.50 50.1

5 1.25 20.22 25.27 50.1

6 1.25 20.1 25.13 50.1

7 1.25 19.93 24.92 50.1

8 1.25 19.98 24.98 50.1
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(a) Overview of the test set-up (b) Close up of the test set-up (c) Broken test pieces

Figure F.3: The tension test set-up to obtain the material data from the steel deck

The tests are displacement controlled with two different speeds. A low speed of 0,01 mm/s is required for
the elastic part, according to [17]. This speed is kept constant until the hardening starts, the speed is then
increased to 0,06 mm/s. The output of the tests is used to create the σ-ε diagrams. The force is divided by
the initial cross section of the middle part. This results in the engineering stress/strain relation, whereby the
cross section is kept constant. The actual cross section reduces however, resulting in a stress that does not
show a decrease in the necking phase; this is the true stress/strain relation. This relation is not considered
here.

The extensiometer measures the relative displacements at both sides of the test specimen. The average value
is divided by the measuring length (as shown in table F.1) to obtain the strain. The σ-ε diagrams are con-
structed and shown in figure F.5. In section F.1 it is already stated that especially the elastic part of this di-
agram is not very accurate. The objective however of the tests of the steel deck test specimens is to obtain
the yield stress. The diagrams indicate a clear yield plateau, so the average stress value of this plateau is the
desired yield stress. The inaccurate displacement characteristics are not required to find the yield stress. This
will not be the case with the reinforcement meshes with a diameter of 8 mm, as discussed in the next section.

The separate diagrams of figure F.5 are all put together in figure F.4 to compare the results with each other.
Tests 1,3 and 7 do not have a necking phase in the σ-ε diagram. The governing cross section lies outside the
measuring area of the extensiometer. So the necking phase is not found in these tests as is clearly visible in
F.4. Figure F.6 illustrates this as well, whereby the left picture shows necking inside the extensiometer and
figure F.6b shows necking outside the extensiometer.

Figure F.4: The eight tensile test on the steel deck test pieces together to make a comparison
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(a) First test (b) Second test

(c) Third test (d) Fourth test

(e) Fifth test (f) Sixt test

(g) Seventh test (h) Sixt test

Figure F.5: The tension tests performed on the steel deck test pieces

The σ-ε diagrams show a clear yield plateau and a rupture strain that could be expected at normal hot rolled
steel, despite the fact that the test pieces are constructed in the cold deformed area of the steel deck. It can
be noticed that the cold formed process has (barely) influenced the stress/strain characteristics.
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(a) Necking inside extensiometer (b) Necking outside extensiometer

Figure F.6: Necking inside and outside the Extensiometer

.

The force characteristics are shown in table F.2. The yield and ultimate stresses are shown and also the frac-
tion between them. The scatter between these values is small. The average value is shown at the bottom of
the table, these values are used in the numerical and analytical modelling of the ComFlor210.

Table F.2: The yield and ultimate stress of the steel deck

Bar Yield stress [MPa] Ultimate stress [MPa] Fraction fu/ fy

1 395.164 456.126 1.154

2 403.274 463.379 1.156

3 396.761 458.649 1.156

4 398.078 461.371 1.159

5 402.414 465.846 1.158

6 404.041 466.823 1.155

7 400.139 463.180 1.158

8 403.322 466.113 1.157

Average 400,399 462,686 1,156

F.3. REINFORCEMENT TESTS

This section will discuss the preparation and test progress of the two types of reinforcement used in the com-
posite floor.

F.3.1. REINFORCEMENT MESH Ø8-150

The reinforcement meshes Ø8-150 are used in two of the three test pieces as discussed in 7. Four test pieces
were cut out of a mesh with a length of about 35 centimetre. The welding details remained inside the test
pieces, this is clearly visible in figure F.7a. These welds did not influence the test results. Figure F.7b shows a
broken and an unbroken test piece.



F.3. REINFORCEMENT TESTS 205

(a) The four test pieces (b) Two test pieces; broken and unbroken

Figure F.7: Bars of the reinforcement mesh used to perform the tension tests to obtain the material data

.

The exact dimensions should be obtained, just as in the previous section. The ridges on the bars create a
non homogeneous diameter. Three test pieces, different ones than the specimens used for the tension tests,

were weighed and measured with great care to overcome this problem. The density of steel (7850 kg
m3 ) is then

used to calculate the volume of these reinforcement pieces. A homogeneous cylindrical shape was assumed
to calculate a homogeneous diameter for these reinforcement bars. This procedure is illustrated in table F.3.
A homogeneous diameter of 7.88 mm was obtained by using this procedure. This value is used to calculate
the stresses in the members during testing. It is remarkable that the calculated diameter is smaller than the
nominal diameter of 8 mm.

Table F.3: The calculation of the homogeneous reinforcement diameter Ø8.

Bar Length (mm) Weight (g) Volume (mm3) Diameter (mm)

1 133.61 50.91 6485.35 7.86

2 132.00 50.86 6478.98 7.91

3 130.88 49.95 6363.06 7.87

Average 7.88

The same test set-up was used as was used with the steel deck test series. A displacement controlled test was
executed with a constant speed of 0,01 mm/s. The first force-displacement diagram, shown in figure F.8a,
does not contain a clear yield plateau. This force-displacement diagram indicates that the reinforcement bar
is cold formed or experienced other treatments to obtain the desired shape and dimensions. The stress at
which a permanent strain of 0,2% is reached is the yield stress in this case. The Extensiometer was used on
the other three tests to obtain the displacement characteristic of the specimen and the yield stress. The yield
stress can not be obtained with the results of the first test; the required displacement characteristics were not
sufficiently accurate to calculate the 0,2% proof stress. Figure F.8 shows all four force-displacement diagrams.
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(a) First test (b) Second test

(c) Third test (d) Fourth test

Figure F.8: The F-u-diagram of the tension tests performed on the reinforcement with a diameter of 8 mm

Figure F.9 presents all four force-displacement diagrams in one figure. The stress level is almost the same
for all tests, the only significant difference is the scatter in deformation capacity. The reinforcement meshes
will not be loaded up to this level; the concrete will crush before these deformation values are reached in the
reinforcement. The locations containing weld zones were not governing in all four tests. The heat input did
not change the material properties that significantly apparently. The diagrams show a pattern that clearly
belongs to steel that experienced some cold deformation or other treatment to obtain the desired shape and
dimensions. The welding procedure changes the material properties in a mostly disadvantageous manner,
so it is quite remarkable that these zones were not governing.

Figure F.9: The four F-u-diagrams of the tensile tests (Ø8) shown together to compare the tests with each other

The extensiometer is used in the same manner as discussed in the previous section on the other three tests.
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The only problem is that the reinforcement test specimens have constant cross sectional dimensions along
the length of the bars. The governing cross section is therefore harder to find since the extensiometer can
monitor only a part of the bar. The chance of failure outside the range of the extensiometer is therefore
higher. Necking of the second test specimen occurred in the centre of the test specimen, but the governing
cross section was located outside the range of the extensiometer with test three and four. Figure F.10 and F.11
show the different tests to obtain the required material data. The necking in- and outside the range of the
extensiometer is clearly visible.

(a) The first test
(b) The second test, necking inside

extensiometer

Figure F.10: The tension test with and without the extensiometer. Test 1 and 2 respectively

(a) The third test (b) The fourth test

Figure F.11: The third and fourth tension test on the reinforcement bar Ø8, necking outside the extensiometer

Figure F.12 presents the σ-ε-diagrams of the reinforcement bars, the engineering stress/strain relation is
shown again. The stress levels are obtained by using a constant cross section. The force is divided by the
actual cross section with diameter of 7.88 mm to obtain the stress levels. The strain is obtained with the
output that the exteniometer generated; the relative displacements were divided by the initial length. Figure
F.12b and F.12c clearly show as well that necking took place outside the range of the extensiometer. Figure
F.13 shows this even better, whereby all three σ-ε-diagrams are put into one graph. The yield stress can still
be obtained however as will be discussed next.
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(a) Second test (b) Third test

(c) Fourth test

Figure F.12: The σ-ε-diagrams of the tension tests performed on the reinforcement with a diameter of 8 mm

.

Figure F.13: The three σ-ε-diagrams of the tensile tests (Ø8) together to compare the tests with each other

Several problems with the measuring equipment that was used prevent the accurate calculation of the elastic
part of the σ-ε-diagram, and then especially the modulus of elasticity. Friction inside the extensiometer and
performing the tests on the bars under a small angle results in unrealistic values for the modulus of elasticity.
Is is assumed therefore that the modulus of elasticity is, despite the actual performed tests, 200000 MPa. The
σ-ε-diagrams are reconsidered with this new value and the slope of elastic line is changed. The stress level
that belongs to a permanent strain of 0.2% is obtained; this is the yield stress of the reinforcement bars with
a diameter of 8 mm. This value is obtained at all three tests that were performed with a extensiometer. The
ultimate stress level is only obtained at test two and three. This results in the following table:
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Table F.4: The yield and ultimate stress of the reinforcement mesh Ø8

Bar Yield stress (MPa) Ultimate stress (MPa) Fraction fu/ fy

1 - 547.714 -

2 508.935 549.028 1.079

3 514.468 534.177 1.038

4 530.717 - -

Average 518.040 541.603 1.054

The value for the yield stress, that is used in the numerical and analytical modelling, is thus 518.040 MPa.
This value however is obtained by making some assumptions and by adjusting the actual obtained data from
the tension tests.

F.3.2. REINFORCEMENT IN RIB Ø20

This part briefly discusses the tension tests on the reinforcement test specimen of the steel reinforcement
located at the bottom of every rib with a diameter of 20 mm. All details are already treated in previous sec-
tions. The Dowty-Rotel test set-up was used again. The tests were displacement controlled, with a speed of
0,01 until the hardening phase starts. The speed was then increased up to 0,06 mm/s. The test pieces had an
initial length of about 35 cm. Six tests were executed in total. Figure F.14a shows a broken and a unbroken
test piece. The tests were performed without an extensiometer, as discussed next. The test is shown in figure
F.14b.

(a) Two (un)broken test pieces (b) Test overview tension test Ø20

Figure F.14: Test pieces and test overview of the tension test to obtain the material data of the reinforcement bar Ø20

The same procedure, regarding the calculation of the homogeneous diameter as discussed in the previous
section, is used for these test pieces as well. Other samples are measured and weighted to eventually obtain
a diameter of 20,06 mm. The procedure is visualized in Table F.5. This diameter is used to calculate the cross
sectional area and the stresses in the members during testing. This diameter is larger than the nominal value
of 20 mm.
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Table F.5: The calculation of the homogeneous reinforcement diameter Ø20.

Bar Length (mm) Weight (g) Volume (mm3) Diameter (mm)

1 96.43 237.56 30456.41 20.05

2 97.66 240.77 30867.95 20.06

3 104.42 257.56 33020.51 20.07

Average 20.06

The ridges on the bar initiate slip during the tests. This slip occurs in the clamps of the test set-up, as shown
in figure F.16a. The slip results in sudden changes in the continuous force-displacement diagram, this will not
have an influence on the results. Figure F.16b presents an image of a test piece that is almost failing; the neck-
ing process is clearly visible. The six tests were executed, resulting in the six force-displacement diagrams,
shown in Figure F.15. Finally, all six test results are shown in Figure F.17.

(a) First test (b) Second test

(c) Third test (d) Fourth test

(e) Fifth test (f) Sixt test

Figure F.15: The tension tests performed on the reinforcement with a diameter of 20 mm

.
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(a) The clambs of the test set up (b) Necking of a test piece

Figure F.16: Details of the tension tests performed on the reinforcement bar with a diameter of 20 mm.

Figure F.17: The six F-u diagrams of the tensile tests (Ø20) together to compare the tests with each other

The test results shows some slip, especially in the first force-displacement diagram around a displacement of
the cylinder of 10 mm. The only difference between the different tests is the deformation capacity, the other
quantities are almost equal. The curve shows a clear yield plateau. The yield stress can be obtained without
the use of an extensiometer, as discussed in the tests with the reinforcement bar Ø8. The average stress level
in this plateau results in the yield stress. The ultimate stress is the highest stress level reached in the test. The
different values are presented in table F.6.

Table F.6: The yield and ultimate stress of the reinforcement bars Ø20

Bar Yield stress (MPa) Ultimate stress (MPa) Fraction fu/ fy

1 560.519 668.215 1.192

2 559.772 666.222 1.190

3 561.325 665.996 1.186

4 556.893 661.967 1.187

5 558.499 663.102 1.187

6 563.202 666.306 1.183

Average 560.035 665.302 1.188
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F.4. CONCRETE TESTS
Two different tests are performed to obtain the required material data of the concrete: compression tests and
split tests. The concrete tests are much easier to perform compared to the steel tests. In total 36 concrete
cubes were created. Every test series comprises nine tests: six split tests and three compression tests. The
scatter in test results of the compression tests is expected to be lower than the split tests. More split tests are
therefore executed. One batch of concrete cubes is depicted in figure F.18. The dimensions of the concrete
cubes are 150 x 150 x 150 mm. The two different tests are discussed separately. The test set-up shown in figure
F.1b is used for both tests.

Figure F.18: One batch of concrete cubes, packed in styrofoam

F.4.1. COMPRESSION TESTS
The concrete cubes are placed inside the test set-up one by one. The test is load controlled, with a loading
speed of 13,5 kN/s. The result of the compression tests is the actual cubic compression strength. No addi-
tional material is allowed to be placed between the steel plate and the concrete cube. The pressure (in MPa)
is measured during the tests and the test is finished when the concrete is crushed.

(a) The compression test (b) A concrete cube, failed in compression

Figure F.19: The test set-up of the compression test and a test piece that has failed on compression.

The results of the different series are shown in the following tables. The concrete factory provided concrete
class C20/25, the characteristic cubic compressions strength should be at least 25 MPa. Three tests were exe-
cuted for each test series.
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Table F.7: The cubic concrete compression strength of the 28 days test series

Cube Force [kN] Compression strength [MPa]

1 637.8 28.35

2 534.5 23.76

3 600.9 26.71

Average 591.07 26.27

Table F.8: The actual cubic concrete compression strength of the concrete at the first lab experiment of the ComFlor210 test specimen

Cube Force [kN] Compression strength [MPa]

1 734.0 32.62

2 572.5 25.44

3 681.0 30,27

Average 662.50 29.44

Table F.9: The actual cubic concrete compression strength of the concrete at the second lab experiment of the ComFlor210 test
specimen

Cube Force [kN] Compression strength [MPa]

1 740.7 32.92

2 740.9 32.93

3 734.2 32.63

Average 738.6 32.83

Table F.10: The actual cubic concrete compression strength of the concrete at the third lab experiment of the ComFlor210 test specimen

Cube Force [kN] Compression strength [MPa]

1 682.1 30.32

2 753.7 33.50

3 818.6 36.38

Average 751.47 33.40

F.4.2. SPLIT TESTS

The same test set up is used for the split tests as used for the compression tests. The only difference is the
usage of a small piece of plywood. This sample is placed between the concrete and the steel compression
cylinder. This piece of material changes the internal stresses inside the concrete completely. Tensile stresses
are now introduced in the middle of the concrete instead of compression stresses. The tensile strength of the
concrete will be governing in this tests. The result of this test is the actual tensile strength of the concrete.

Six tests were executed for each test series. These tests are load controlled as well, with a loading speed of 1.1
kN/s. Figure F.20 shows a concrete cube in the split test set-up.
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(a) The split test set-up (b) A failed concrete cube

Figure F.20: The test set up of the split test and a test piece that has failed on tension.

The following tables present the results of the different concrete split test series. Six tests were performed for
each series.

Table F.11: The tensile strength of the 28 days test series

Cube Force [kN] Tensile strength [MPa]

1 112.3 3.18

2 104.9 2.97

3 81.4 2.30

4 114.5 3.24

5 104.3 2.95

6 88.8 2.51

Average 101.0 2.86

Table F.12: The actual tensile strength of the concrete at the first lab experiment of the ComFlor210 test specimen

Cube Force [kN] Tensile strength [MPa]

1 105.1 2.97

2 126.4 3.58

3 119.0 3.37

4 106.7 3.02

5 126.0 3.57

6 88.1 2.50

Average 111.88 3.17
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Table F.13: The actual tensile strength of the concrete at the second lab experiment of the ComFlor210 test specimen

Cube Force [kN] Tensile strength [MPa]

1 122.6 3.47

2 106.5 3.01

3 135.6 3.84

4 145.0 4.10

5 126.4 3.58

6 117.4 3.32

Average 125.58 3.55

Table F.14: The actual tensile strength of the concrete at the third lab experiment of the ComFlor210 test specimen

Cube Force [kN] Tensile strength [MPa]

1 100.2 2.84

2 103.4 2.94

3 134.5 3.81

4 133.6 3.78

5 111.9 3.17

6 116.5 3.30

Average 116.68 3.31

Finally the results of both the compression and tension test of the concrete are shown displayed against time
in figure F.21. In this graph it can be seen that the concrete compressive strength increases a little over time
and shows a steep climb towards the end, while the tensile strength climbs only slightly and remains quite
constant over time.

Figure F.21: The compressive and tensile strength of the concrete displayed over time



G
LABORATORY TEST RESULTS

This chapter will show the measurement results that were obtained from the experiment performed in the
test laboratory of the TU Delft and that were not shown in the main report. The test results will be shown
divided by test type. First the test results from loading the slabs at a quarter of the span length and secondly
the results from the test at half the span length.

G.1. TEST AT A QUARTER OF THE SPAN LENGTH

The results of the test at a quarter of the span length which were not shown in the main report are shown in
this section.

G.1.1. TEST SPECIMEN WITH 2 REINFORCEMENT MESHES

The results of the slab with two reinforcement meshes are shown in this section.

Table G.1: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 4.2

RO2 5.7

RO3 5.4

RO4 5.8

RO5 4.7

RO6 4.9

RO7 6.0

RO8 5.7

RO9 5.0

RO10 4.7

216
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(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.1: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.

Figure G.2: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen contribute.

Figure G.3: A graph showing the rotation of each of the ribs set against the total load.
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Figure G.4: A graph showing the slip on either side of the middle rib set against the total load.

Figure G.5: A graph showing the strain in the strain gauges set against the total load.
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Figure G.6: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.
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G.1.2. TEST SPECIMEN WITH 1 REINFORCEMENT MESH
The results of the slab with one reinforcement mesh are shown in this section.

Table G.2: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 4.8

RO2 5.1

RO3 5.9

RO4 5.5

RO5 4.9

RO6 5.1

RO7 6.1

RO8 6.0

RO9 5.2

RO10 4.7

(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.7: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.

Figure G.8: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen contribute.
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Figure G.9: A graph showing the rotation of each of the ribs set against the total load.

Figure G.10: A graph showing the slip on either side of the middle rib set against the total load.
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Figure G.11: A graph showing the strain in the strain gauges set against the total load.

Figure G.12: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.
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G.1.3. TEST SPECIMEN WITHOUT REINFORCEMENT MESH
The results of the slab without any reinforcement meshes are shown in this section.

Table G.3: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 5.1

RO2 6.6

RO3 5.3

RO4 5.1

RO5 4.3

RO6 4.9

RO7 4.3

RO8 5.2

RO9 6.8

RO10 5.0

(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.13: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.
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Figure G.14: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen
contribute.

Figure G.15: A graph showing the rotation of each of the ribs set against the total load.
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Figure G.16: A graph showing the slip on either side of the middle rib set against the total load.

Figure G.17: A graph showing the strain in the strain gauges set against the total load.
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Figure G.18: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.
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G.2. TEST AT HALF OF THE SPAN LENGTH
The results of the test at half of the span length which were not shown in the main report are shown in this
section.

G.2.1. TEST SPECIMEN WITH 2 REINFORCEMENT MESHES
The results of the slab with two reinforcement meshes are shown in this section.

Table G.4: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 2.3

RO2 7.2

RO3 6.5

RO4 6.7

RO5 2.9

RO6 3.4

RO7 7.5

RO8 7.6

RO9 4.6

RO10 3.1

(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.19: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.
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Figure G.20: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen
contribute.

Figure G.21: A graph showing the deflection of each of the ribs at half of the span set against the total load.

Figure G.22: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.
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G.2.2. TEST SPECIMEN WITH 1 REINFORCEMENT MESH
The results of the slab with one reinforcement mesh are shown in this section.

Table G.5: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 4.7

RO2 5.3

RO3 5.9

RO4 5.8

RO5 4.5

RO6 5.1

RO7 6.5

RO8 4.8

RO9 5.3

RO10 4.9

(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.23: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.
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Figure G.24: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen
contribute.

Figure G.25: A graph showing the deflection of each of the ribs at half of the span set against the total load.

Figure G.26: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.
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G.2.3. TEST SPECIMEN WITHOUT REINFORCEMENT MESH
The results of the slab without any reinforcement meshes are shown in this section.

Table G.6: This table shows initial values of the load cells before commencement of the experiment.

Load cell number Initial load [kN]

RO1 5.0

RO2 6.4

RO3 6.0

RO4 6.1

RO5 3.7

RO6 5.1

RO7 3.9

RO8 4.4

RO9 9.3

RO10 4.1

(a) The absolute and corrected values for RO1 to RO5 (b) The absolute and corrected values for RO6 to RO10

Figure G.27: Two graphs depicting the distribution for R01 to R05 and R06 to R010 respectively of the slab with 2 reinforcement meshes.
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Figure G.28: A graph showing the percentage of the total applied load the sum of all the load cells on each of the test specimen
contribute.

Figure G.29: A graph showing the deflection of each of the ribs at half of the span set against the total load.

Figure G.30: A graph showing the deflection of each of the ribs at a quarter of the span set against the total load.



H
COMPARISON RESULTS

The results of the comparison between the fine-tuned analytical model and the test results are shown in this
chapter.

H.1. RESULTS OF TEST AT QUARTER SPAN LENGTH
For the non-destructive tests at a quarter of the span length only the results of the load cells which were close
to the load will be examined. This means that only the distribution of load cells RO6-RO10 will be reproduced.
These results are the most important and that is what the analytical model is calibrated for.

H.1.1. 2 MESH
The change in distribution in the 2 mesh slab from 0 kN to the final load of 50 kN is minimal. Therefore
only the initial and final distribution will be examined. The values that are used to fine-tune the analytical
model are shown in table H.1. The resulting parameter values and the corresponding moment and deflection
diagram are shown below.

Table H.1: The distribution and deflection values used to adjust the analytical model for the 2 mesh slab in the non-destructive test.

load 10 kN Load 50 kN

Rib number Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

1 5.5 0.18 5 1.3

2 25.5 0.25 24 1.75

3 38.0 0.45 42 2.25

4 25.5 0.25 24 1.75

5 5.5 0.18 5 1.3
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Table H.2: The distribution and deflection resulting from the fine-tuned analytical model in the 2 mesh slab and the non-destructive
test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 5.0 2.0 0.26

2 26.3 7.0 0.38

10 3 37.2 8.5 0.44

4 26.3 7.0 0.38

5 5.0 2.0 0.26

1 4.1 2.0 1.03

2 25.9 7.0 1.85

50 3 40.0 8.5 2.37

4 25.9 7.0 1.85

5 4.1 1.9 1.03

Table H.3: The bending stiffness values of the top slab and the found value of the distributive length in the 2 mesh slab in the
non-destructive test.

Load 10 kN Load 50 kN

Parameter Symbol Value Value

Distributive length [mm] Ldi s 1800 1300

Positive top slab bending stiffness [N mm2]per 200mm E IT S,+ 8.71×1010 idem

Negative top slab bending stiffness [N mm2]per 200mm E IT S,− 1.06×1011 idem

Uncracked top slab bending stiffness [N mm2]per 200mm E IT S,uc 1.72×1011 idem

Figure H.1: A figure showing the moment diagram of the fine-tuned analytical model of the 2 mesh slab in the non-destructive test at 10
kN.
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Figure H.2: A figure showing the deflection diagram of the fine-tuned analytical model of the 2 mesh slab in the non-destructive test at
10 kN.

Figure H.3: A figure showing the moment diagram of the fine-tuned analytical model of the 2 mesh slab in the non-destructive test at 50
kN.

Figure H.4: A figure showing the deflection diagram of the fine-tuned analytical model of the 2 mesh slab in the non-destructive test at
50 kN.
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H.1.2. 1 MESH
The 1 mesh slab has more variation between the symmetrical ribs in the results than the 2 mesh slab did. But
the overall change of the distribution is not very large. Therefore only the initial load of 10 kN and the final
load of 50 kN are taken into account. The values that are used to fine-tune the analytical model are shown in
table H.4.

Table H.4: The distribution and deflection values used to adjust the analytical model for the 1 mesh slab in the non-destructive test.

load 10 kN Load 50 kN

Rib number Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

1 6.0 0.20 5.5 1.6

2 27.0 0.45 27.5 2.25

3 34.0 0.55 34.0 2.7

4 27.0 0.45 27.5 2.25

5 6.0 0.20 5.5 1.6

Table H.5: The distribution and deflection resulting from the fine-tuned analytical model in the 1 mesh slab and the non-destructive
test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 6.8 3.1 0.22

2 25.4 7.5 0.34

10 3 35.5 8.8 0.44

4 25.4 7.5 0.34

5 6.8 3.1 0.22

1 5.9 2.1 1.40

2 26.3 5.8 2.27

50 3 35.7 6.2 2.88

4 26.3 5.8 2.27

5 5.9 2.1 1.40
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Table H.6: The bending stiffness values of the top slab and the found value of the distributive length in the 1 mesh slab in the
non-destructive test.

Load 10 kN Load 50 kN

Parameter Symbol Value Value

Distributive length [mm] Ldi s 1900 3000

Positive top slab bending stiffness [N mm2]per 200mm E IT S,+ 4.91×1010 idem

Negative top slab bending stiffness [N mm2]per 200mm E IT S,− 9.70×1010 idem

Uncracked top slab bending stiffness [N mm2]per 200mm E IT S,uc 1.72×1011 idem

Figure H.5: A figure showing the moment diagram of the fine-tuned analytical model of the 1 mesh slab in the non-destructive test at 10
kN.

Figure H.6: A figure showing the deflection diagram of the fine-tuned analytical model of the 1 mesh slab in the non-destructive test at
10 kN.

Figure H.7: A figure showing the moment diagram of the fine-tuned analytical model of the 1 mesh slab in the non-destructive test at 50
kN.
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Figure H.8: A figure showing the deflection diagram of the fine-tuned analytical model of the 1 mesh slab in the non-destructive test at
50 kN.
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H.1.3. 0 MESH
For the slab without reinforcement the non-destructive test was only loaded until 10 kN.

Table H.7: The distribution and deflection values used to adjust the analytical model for the 0 mesh slab in the non-destructive test.

load 10 kN

Rib number Contribution
[%]

Deflection
[mm]

1 4.5 0.22

2 33.0 0.25

3 24.0 0.37

4 33.0 0.25

5 4.5 0.22

Table H.8: The distribution and deflection resulting from the fine-tuned analytical model in the 0 mesh slab and the non-destructive
test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 4.6 3.3 0.14

2 32.4 12.0 0.27

10 3 26.0 7.5 0.35

4 32.4 12.0 0.27

5 4.6 3.3 0.14

Table H.9: The bending stiffness values of the top slab and the found value of the distributive length in the 0 mesh slab in the
non-destructive test.

Load 10 kN

Parameter Symbol Value

Distributive length [mm] Ldi s 1700

Uncracked top slab bending stiffness [N mm2]per 200mm E IT S,uc 1.72×1011
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Figure H.9: A figure showing the moment diagram of the fine-tuned analytical model of the 0 mesh slab in the non-destructive test at 10
kN.

Figure H.10: A figure showing the deflection diagram of the fine-tuned analytical model of the 0 mesh slab in the non-destructive test at
10 kN.

H.2. RESULTS OF TEST AT HALF SPAN LENGTH
For the destructive tests at a quarter of the span length only the results of the load cells on the side of the slab
which was not previously loaded will be examined. This is to prevent previous loading from influencing these
results.

H.2.1. 2 MESH SLAB

Table H.10: The distribution and deflection values used to adjust the analytical model for the 2 mesh slab in the destructive test.

load 10 kN Load 60 kN Load 165 kN

Rib number Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

1 11.5 0.50 10.5 4.30 9.5 20.50

2 23.0 0.50 23.0 4.80 22.5 28.67

3 31.0 0.50 32.0 5.60 36.0 36.60

4 23.0 0.50 23.0 4.80 22.5 28.67

5 11.5 0.50 10.5 4.30 9.5 20.50
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Table H.11: The distribution and deflection resulting from the fine-tuned analytical model in the 2 mesh slab and the destructive test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 11.5 2.9 0.40

2 23.1 5.1 0.45

10 3 30.8 6.4 0.48

4 23.1 5.1 0.45

5 11.5 2.9 0.40

1 10.2 1.5 4.08

2 23.9 2.9 4.93

60 3 31.9 3.5 5.46

4 23.9 2.9 4.93

5 10.2 1.5 4.08

1 9.5 0.7 22.49

2 22.8 1.3 30.12

165 3 35.3 1.7 34.23

4 22.8 1.3 30.12

5 9.5 0.7 22.49

Figure H.11: A figure showing the moment diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 10 kN.

Table H.12: The bending stiffness values of the top slab and the found value of the distributive length in the 2 mesh slab in the
destructive test.

Load 10 kN Load 60 kN Load 165 kN

Parameter Symbol Value Value Value

Distributive length [mm] Ldi s 5400 3100 1100

Positive top slab bending stiffness
[N mm2]per 200mm

E IT S,+ 8.71×1010 idem idem

Negative top slab bending stiffness
[N mm2]per 200mm

E IT S,− 1.06×1011 idem idem

Uncracked top slab bending stiffness
[N mm2]per 200mm

E IT S,uc 1.72×1011 idem idem
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Figure H.12: A figure showing the deflection diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 10
kN.

Figure H.13: A figure showing the moment diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 60 kN.

Figure H.14: A figure showing the deflection diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 60
kN.

Figure H.15: A figure showing the moment diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 165
kN.
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Figure H.16: A figure showing the deflection diagram of the fine-tuned analytical model of the 2 mesh slab in the destructive test at 165
kN.
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H.2.2. 1 MESH SLAB

Table H.13: The distribution and deflection values used to adjust the analytical model for the 1 mesh slab in the destructive test.

load 10 kN Load 60 kN Load 145 kN

Rib number Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

1 11.5 0.32 8.5 4.50 1.0 15.50

2 22.5 0.36 23.5 5.50 27.0 30.00

3 32.0 0.52 37.0 6.50 45.0 46.50

4 22.5 0.36 23.5 5.50 27.0 30.00

5 11.5 0.32 8.5 4.50 1.0 15.50

Table H.14: The distribution and deflection resulting from the fine-tuned analytical model in the 1 mesh slab and the destructive test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 10.3 3.2 0.32

2 24.9 6.0 0.41

10 3 29.7 6.4 0.46

4 24.9 6.0 0.41

5 10.3 3.2 0.32

1 7.3 0.8 4.38

2 24.3 2.8 5.82

60 3 36.9 3.3 6.71

4 24.3 2.8 5.82

5 7.3 0.8 4.38

1 0.6 0.06 14.20

2 27.4 1.3 30.55

145 3 44.0 1.5 42.57

4 27.4 1.3 30.55

5 0.6 0.06 14.20
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Table H.15: The bending stiffness values of the top slab and the found value of the distributive length in the 1 mesh slab in the
destructive test.

Load 10 kN Load 60 kN Load 165 kN

Parameter Symbol Value Value Value

Distributive length [mm] Ldi s 3000 3000 1100

Positive top slab bending stiffness
[N mm2]per 200mm

E IT S,+ 4.91×1010 idem idem

Positive plastic top slab bending stiffness
[N mm2]per 200mm

E IT S,+ 1.47×1010 idem idem

Negative top slab bending stiffness
[N mm2]per 200mm

E IT S,− 9.70×1010 idem idem

Uncracked top slab bending stiffness
[N mm2]per 200mm

E IT S,uc 1.72×1011 idem idem

Figure H.17: A figure showing the moment diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 10 kN.

Figure H.18: A figure showing the deflection diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 10
kN.

Figure H.19: A figure showing the moment diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 60 kN.
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Figure H.20: A figure showing the deflection diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 60
kN.

Figure H.21: A figure showing the moment diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 145
kN.

Figure H.22: A figure showing the deflection diagram of the fine-tuned analytical model of the 1 mesh slab in the destructive test at 145
kN.
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H.2.3. 0 MESH SLAB

Table H.16: The distribution and deflection values used to adjust the analytical model for the 0 mesh slab in the destructive test.

load 10 kN Load 60 kN

Rib number Contribution
[%]

Deflection
[mm]

Contribution
[%]

Deflection
[mm]

1 11.0 0.33 7.0 5.00

2 23.0 0.34 23.0 5.80

3 32.0 0.51 31.0 6.50

4 23.0 0.34 23.0 5.80

5 11.0 0.33 7.0 5.00

Table H.17: The distribution and deflection resulting from the fine-tuned analytical model in the 0 mesh slab and the destructive test.

Load [kN] Rib num-
ber

Load [%] Stiffness
[kN/mm]

Deflection
[mm]

1 10.1 3.3 0.31

2 24.4 6.5 0.38

10 3 30.9 7.5 0.41

4 24.4 6.5 0.38

5 10.1 3.3 0.31

1 8.1 0.9 5.39

2 26.5 2.7 5.89

60 3 30.8 3.0 6.17

4 26.5 2.7 5.89

5 10.1 0.9 5.39

Table H.18: The bending stiffness values of the top slab and the found value of the distributive length in the 0 mesh slab in the
destructive test.

Load 10 kN Load 50 kN

Parameter Symbol Value Value

Distributive length [mm] Ldi s 4000 3000

Uncracked top slab bending stiffness [N mm2]per 200mm E IT S,uc 1.72×1011 idem
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Figure H.23: A figure showing the moment diagram of the fine-tuned analytical model of the 0 mesh slab in the destructive test at 10 kN.

Figure H.24: A figure showing the deflection diagram of the fine-tuned analytical model of the 0 mesh slab in the destructive test at 10
kN.

Figure H.25: A figure showing the moment diagram of the fine-tuned analytical model of the 0 mesh slab in the destructive test at 60 kN.

Figure H.26: A figure showing the deflection diagram of the fine-tuned analytical model of the 0 mesh slab in the destructive test at 60
kN.
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H.3. FEM COMPARISON

In this section the strains in the concrete at several levels of loading in the finite element modelling are shown.
Also the stresses and strains in the steel deck and reinforcement are given in tables.

H.3.1. 2 MESH SLAB

Figure H.27: The strain in the finite element model of the 2 mesh slab at 36 kN.

Figure H.28: The strain in the finite element model of the 2 mesh slab at 49 kN.

Figure H.29: The strain in the finite element model of the 2 mesh slab at 104 kN.
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Table H.19: This table shows the stresses in the steel reinforcement in the 2 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 27 150 200 400 400

Bottom steel flange rib 2 27 160 250 400 400

Bottom steel flange rib 3 27 227 377 400 400

Top steel flange rib 1 -2.5 -4.9 -5.9 50 110

Top steel flange rib 2 -2.5 -4.9 -5.9 100 150

Top steel flange rib 3 -2.5 -4.9 -5.9 133 380

Table H.20: This table shows the strains in the steel reinforcement in the 2 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 0.1 0.7 1.0 1.9 4.0

Bottom steel flange rib 2 0.1 0.8 1.2 2.0 6.5

Bottom steel flange rib 3 0.1 1.1 1.8 4.7 8.0

Top steel flange rib 1 0.0 0.0 0.0 0.2 0.5

Top steel flange rib 2 0.0 0.0 0.0 0.5 0.7

Top steel flange rib 3 0.0 0.0 0.0 0.6 1.8

Table H.21: This table shows the strains in the steel reinforcement in the 2 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Top mesh x rib 3 direction -7 -27 -30 -45 -80

Top mesh y rib 3 direction 20 50 120 195 250

Bottom mesh x rib 3 direc-
tion

-5 16 40 85 120

Bottom mesh y rib 3 direc-
tion

15 16 40 180 250

Rib reinforcement bar 1 16 90 130 280 500

Rib reinforcement bar 2 16 90 130 280 500

Rib reinforcement bar 3 16 140 240 540 540



H.3. FEM COMPARISON 251

Figure H.30: The strain in the finite element model of the 2 mesh slab at 32 kN.

Figure H.31: The strain in the finite element model of the 2 mesh slab at 49 kN.

H.3.2. 1 MESH SLAB

Table H.22: This table shows the stresses in the steel reinforcement in the 1 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 20 140 150 350 400

Bottom steel flange rib 2 20 160 230 400 400

Bottom steel flange rib 3 20 210 350 400 400

Top steel flange rib 1 0 -5 0 50 70

Top steel flange rib 2 0 0 0 100 150

Top steel flange rib 3 0 20 50 133 200

Table H.23: This table shows the strains in the steel reinforcement in the 1 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 0.1 0.7 0.7 1.7 2.5

Bottom steel flange rib 2 0.1 0.8 1.1 2.0 4.5

Bottom steel flange rib 3 0.1 1.0 1.7 4.0 6.0

Top steel flange rib 1 0.0 0.0 0.0 0.1 0.3

Top steel flange rib 2 0.0 0.0 0.0 0.2 0.7

Top steel flange rib 3 0.0 0.1 0.2 0.5 1.0
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Figure H.32: The strain in the finite element model of the 2 mesh slab at 84 kN.

Table H.24: This table shows the strains in the steel reinforcement in the 1 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Top mesh x rib 3 direction -7 -30 -31 -50 -70

Top mesh y rib 3 direction 20 50 120 195 250

Rib reinforcement bar 1 16 95 100 250 350

Rib reinforcement bar 2 16 120 170 300 400

Rib reinforcement bar 3 16 140 230 400 540

H.3.3. 0 MESH SLAB

Figure H.33: The strain in the finite element model of the 0 mesh slab at 29 kN.

Figure H.34: The strain in the finite element model of the 0 mesh slab at 49 kN.
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Figure H.35: The strain in the finite element model of the 0 mesh slab at 71 kN.

Table H.25: This table shows the stresses in the steel reinforcement in the 0 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 25 140 180 350 380

Bottom steel flange rib 2 25 150 240 400 450

Bottom steel flange rib 3 25 200 350 450 450

Top steel flange rib 1 -2 -5 -5 50 70

Top steel flange rib 2 -2 0 20 60 100

Top steel flange rib 3 -2 20 60 100 130

Table H.26: This table shows the strains in the steel reinforcement in the 0 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Bottom steel flange rib 1 0.1 0.7 0.9 1.7 1.8

Bottom steel flange rib 2 0.1 0.7 1.1 1.9 2.0

Bottom steel flange rib 3 0.1 1.0 1.7 2.1 2.1

Top steel flange rib 1 0.0 0.0 0.0 0.2 0.3

Top steel flange rib 2 0.0 0.0 0.1 0.3 0.5

Top steel flange rib 3 0.0 0.1 0.3 0.5 0.6

Table H.27: This table shows the strains in the steel reinforcement in the 0 mesh slab at different loading situations.

Position Load

0 36 49 76 104

Rib reinforcement bar 1 16 90 100 180 200

Rib reinforcement bar 2 16 110 160 300 340

Rib reinforcement bar 3 16 140 230 420 450
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