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Precast Concrete Sandwich Panels (PCSPs) are composite panels consisting of two concrete layers,
surrounding an intermediate insulation layer. When these panels are load-bearing, truss-connectors
are used to increase the cooperation between the concrete layers. The advantages of these floors are
that they possess a high bending resistance, with relative high stiffness and low-weight values.
However, the full behaviour of these panels are still unpredictable up until this day. Although
researchers have found models that predict the linear behaviour, these are too difficult to be
applicable in practice. Non-linear behaviour is still hard to predict, as Finite Element models are still
unable to perfectly imitate the cracking behaviour. When these types of floors will be applied into a
fully pre-fabricated structures, it is useful to know what type of forces can be expected on those floors,
to ensure the structural validity of this structure.

As such, it is necessary to increase the applicability of PCSPs. In this report, this is done by a multitude
of methods: a literature study is performed, an advanced, non-linear Finite Element model and simple
linear analytical model are developed, and calculations have been performed on a design-structure
from Lievense | WSP. The literature study is performed to gain insight into the unique behavioural
aspects of PCSPs, and to find where the current issues arise regarding the already-present prediction
models. After the most important aspects of these floors have been determined, an advanced Finite
Element model is developed to predict both the linear and non-linear behaviour of PCSPs. This FE-
model has the possibility to include the non-linearity of all materials. In order to verify the correctness
of the full behaviour of this model, it has been compared to experiments from literature. Additionally,
the simple linear analytical model is developed, with the goal to make PCSPs easy-to-use in practice,
so that people without knowledge about the background-calculations are still able to make use of
these floors. This analytical model is compared to the linear version of the FE-model. On top of this,
the Reinbouw project from Lievense | WSP is used to analyse what the bottlenecks are in their current
design of a fully prefabricated structure. Based on these bottlenecks, a calculation is done to find the
required resistances of the PCSPs to ensure a structurally verified structure. Both the linear prediction
model and the Reinbouw project are combined at the end, where an advice is given on the PCSP-
design in the Reinbouw project. All of these methods have the goal of increasing the applicability of
PCSPs.

From the literature study, it was concluded that the main difficulty in calculating and predicting the
behaviour of PCSPs was caused by the interaction between the concrete and intermediate layer. This
was especially the case in the non-linear part of the floor. In this part, earlier-developed prediction
models were not able to predict the detailed tension-stiffening behaviour of the concrete, causing an
over- or under-estimation of the PCSP-stiffness of around 20% in the worst cases. The developed FE-
model in this research was able to perfectly predict the linear bending behaviour. However, this model
started showing deviations from some experiments in the non-linear phase of around 20%, similar to
earlier-developed models from literature. Luckily, the model could still be used to understand the
general non-linear behaviour. This showed that most of the truss-connectors were showing plasticity
after a considerable load, which decreased the composite bending behaviour of the floor even before
large cracking occurred in the lower wythe. In regards to shear-experiments, the linear phase of the
FE-model did not predict the behaviour correctly, over-estimating the stiffness around six times
higher.

The linear analytical model shows perfect results compared to the linear FE-model, both with and
without the application of truss-connectors. Only dimensions, strengths and stiffnesses of the
different elements are required for the model to predict the stiffness and the accompanied stresses



of these elements. Without the application of truss-connectors, Increasing the concrete thickness of
the PCSPs from 60 to 140 mm would decrease the composite factor for a value of around 0.28.
Increasing the span length from 4000 to 80ooo mm would increase the composite factor for around
0.31. The effect of increasing the insulation thickness from 40 to 80 mm depends on the concrete
thickness, where the reduction of the composite factor is 0.02 and 0.06 for a concrete thickness of 60
and 140 mm respectively. When truss-connectors are applied, most PCSP-designs will possess a
composite factor of above 0.95 when 12 mm diameter bars are being used every 8oo mm. However,
when concrete wythes with a thickness of 140 mm or higher are being used, the increase in composite-
action due to the application of trusses decreases significantly. When 140 mm and 6o mm thick
concrete wythes are used, the composite factor is reduced from 0.96 to 0.91 respectively.

From the Reinbouw project, many different bottlenecks could be found in the design. The most
essential part for the PCSP-floors was the applied axial forces, that cause shear forces along the span
of the floor due to the connection-method in the floor-design. This shear force is increased if certain
pile-foundations are weakened, of which the magnitude has been determined in this report. With
regards to the bending behaviour of the PCSPs in the Reinbouw project, the linear prediction model
was used to give advice on their design-choices with regards to truss connectors and prestressing.

As such, this research has made an effort to increase the applicability of PCSPs using different
methods. The current issues and behaviours of non-linear prediction models have been analysed,
while also developing linear models to ensure easy application of these floors in designs. Lastly, an
analysis has been done to find design-requirements for PCSPs in unconventional structures that
might become more common in the future.
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1. Introduction

1.12. Problem statement
Precast concrete sandwich panels (PCSPs) consist of three
layers; two outer concrete layers called “wythes” and one
middle insulation-layer. When a PCSP is used as a load-

. . Insulation |«
bearing element, diagonal truss-connectors are present to foam

Steel
L —""reinforcement

connect the two concrete wythes, resulting in a high level ] FRP

of “composite-action”, which describes the level of g':‘rgona'
cooperation between the concrete wythes. A visualisation Reinforced
of these floors are shown in Figure 1-1. This lay-out results ‘/itgécrrete

in a floor-system with a high bending-resistance, while also
being relatively low-weight and energy-efficient. However,
PCSPs display complex behaviour. Due to this, and a lack Figure 1-1: Lay-out PCSPs

of appropriate design codes and testing methods, experimental findings are being used, which are
backed by simplified analytical solutions. However, these solutions do not reflect the real behaviour
of PCSPs, as they assume either full or no composite action (Ekenel, 2014).

These PCSPs will be used in a project of Lievense |
WSP. (Mink, Discussion about the Reinbouw mid-
rise project, 2019). Lievense | WSP is asked to
design an apartment building which uses as many
prefab elements as possible. The base-design for
this is shown in Figure 1-2. The different elements
used are prefab walls (green) and PCSPs
(orange/green). Next to these prefab elements, a
large repetitive unit that includes all important
installations is placed in the middle of the
apartments (blue). As the structure consists of
only pre-fabricated elements, the structure
essentially functions as a house of cards. Because
the present connections do not cause a sufficient
stiffness, diaphragm action is responsible for the
stability of the building. Additionally, the Figure 1-2: Concept of the prefabricated apartments by
elements that possess this diaphragm action must  Lievense | wsp

be able to resist the applied forces, which are

increased due to the unique structural characteristics. If these unique characteristics are not analysed
thoroughly, a failure similar to the one at Eindhoven Airport might occur, where the temperature-
effect on the floors partly caused the failure of the entire structure (NOS.nl, 2017).

/

For the majority of general designs, accurate models are available to predict the behaviour of an
element. However, for more advanced floor-types like hybrid precast concrete lattice girders, there
was a lack of comprehensive test data, which limited the development of these types of models for
the construction-phase severely. In order to obtain more information, multiple specimens were
subjected to experiments. A broad range of sensors were used to measure all important parameters,
while previous experiments on these types of floors had seemingly not performed this type of analysis
(Newell & Goggins, 2019). Without these types of detailed analyses, accurate modelling and
optimisation can be difficult.



In order to provide further insights into the behaviour of PCSPs, a theoretical model has been
developed which accounted for partial shear interaction. This model has also been analysed using a
parametric study, and compared to test results from literature. In this comparison, excellent
agreement was found between the model and test results, until cracking occurred (Hamed, 2016).
However, this theoretical model seems to possess a large and complicated theoretical background.
Even in the linear behaviour, it seems that this model cannot be applied in general practice, as a lot of
knowledge about this background is required to understand and apply the model. The parametric
study that was done by Hamed caused an increase of insight in the behaviour, but did not result in an
increase of applicability of these floors. Regarding the non-linear phase, the cracked RC wythes
possess a different tension stiffening behaviour than the ones modelled. The two identical concrete
panels also behave differently from each other after cracking (Hamed, 2016). If this post-cracking
behaviour is not analysed further, a similar failure can occur, e.g. at Eindhoven Airport, due to
unexpected weaknesses or deformations.

Regarding the linear behaviour and the prediction of it, no publicly available calculation-method is
found for the determination of the composite effect of PCSPs. As mentioned before, the theoretical
model requires a lot of knowledge about mechanics to be able to apply it. In general, people in practice
want to use simple expressions to find the behaviour of an element. Although the understanding of
the linear behaviour is present at the moment, no effort has been made to change this understanding
into a simplified method.

In order to correctly predict the post-cracking behaviour of PCSPs, a more accurate and more
particular tension stiffening model needs to be developed (Hamed, 2016). For an initial understanding
of the non-linear behaviour of PCSPs, a finite element (FE) model must be developed, that considers
the tension-stiffening behaviour of the entire floor-element. An FE-analysis has been developed
before, that was able to describe the partial composite behaviour (Salmon et al., 1997). However, non-
linearity was still missing from this analysis (Hamed, 2016), while non-linear effects can often lead to
serviceability failures in concrete structures when it is not understood (Hopkins et al., 2017).

A non-linear FE-model has been developed, based on the research of Hamed (2016). This model was
able to correctly follow the aforementioned theoretical model. Additionally, it showed comparable
results with some experiments within acceptable boundaries, although possibility forimprovement in
the model is still present (Huang & Hamed, 2019). Additionally, these experiments only load the
structure in the bending direction. In the project of Lievense | WSP, a combination of vertical loads
and shear forces will be present. A combination of an improvement and extension of the model is
required to increase its applicability.

In conclusion, there is a clear shortage of applicability of PCSPs. An easy-to-use model to predict the
bending-behaviour is also not open to the public yet. Without these models, PCSPs will not become a
conventional floor-system, even with all the advantages that they bring. Additionally, the non-linear
behaviour also requires more research, as some elements are still missing or incorrectly predicted in
earlier-developed models. As prefabricated structures become more and more prevalent in The
Netherlands, it’s also important to analyse the change in flow of forces due to the weaker connections
between floors and walls. These are all elements that must be taken into account before PCSPs can
be used comfortably in practice.

1.2. Research aim
The aim of this research is to predict the behaviour of precast concrete sandwich panels better and
more easily. In order to do so, information has to be acquired on known behaviours of similar types of
floors and how sandwich panels are different from these known behaviours. It is also essential to



understand what kind and magnitude of forces are applied to PCSPs in practice. With the use of
modelling software like DIANA, Technosoft and SCIA, it is hoped that simple expressions can be set
up to predict the complete behaviour.

1.3. Research questions
Based on aforementioned aim, the main research question is formulated as follows:

How can simple expressions be set-up for the behaviour of precast concrete sandwich panels, and to what
extent can these expressions be applied to a fully pre-fabricated structure?

As can be seen, this research-question contains a clear theoretical and practical part. Firstly, the
theoretical part is divided into different phases with related sub-questions:

Phase A: Analysing the known information of loading-behaviour and precast concrete sandwich
panels

A.1 What is the loading-behaviour of other concrete elements?

A.2 How do PCSPs differ from these other concrete elements?

A.3 Which differences (A.2) are expected to have the biggest influence on the behaviour of
PCSPs?

Phase B: Developing a FE-model including non-linear behaviour of precast concrete sandwich panels

B.1 How can the different elements of PCSPs be applied to an advanced, non-linear FE-model?
B.2 What is the real influence of the differences (A.3) on the loading-behaviour of PCSPs?

Phase C: Checking the performance and robustness of the FE-model

C.1 How well does the FE-model perform on PCSPs, similar to the PCSP used to fit the model?
C.2 Regarding robustness, what are the weakest elements of the prediction model?
C.3 Which (important) parameters were overlooked at the start of the research (A.2/3)?

Phase D: Developing the prediction model

D.1In which ways can the prediction model be developed?
D.2 Which of these ways are the most efficient and/or useful?
D.3 What insights can be gained from the prediction model?

The practical part is done in collaboration with Lievense | WSP and their prefabricated Reinbouw
project. Parallel to the theoretical part, calculations will be done to gain insight in the Reinbouw
project. These calculations are also split in four parts, following the same phases at the theoretical
part:

A.P What is the flow of forces of the Reinbouw project?

B.P What is the required pile-foundation to achieve an equal sagging in the building?
C.P What are the resulting shear forces due to horizontal loads?

D.P How will the present shear-forces combine in a fully prefabricated structure?

In the end, both the theoretical and practical elements of this thesis will be combined. In this final
phase, the prediction model developed in the theoretical part will be applied to the practical
Reinbouw project:

E. Towhat extent can PCSPs be used and optimized for the Reinbouw project?



1.4. Research methods

A visualisation of all different phases and their dependence can be found in Figure 1-3. The blue boxes
and arrows visualise the process of the research, while the other colours define various elements that
increase the applicability of PCSPs in practice. In this thesis, two main paths are followed: a theoretical
part, which includes structural mechanics and the individual behaviour of PCSPs, and a practical part,
which includes a study into the Reinbouw Project, to gain insight into the requirements of PCSPs in
building designs like the Reinbouw project. For each phase, different methods are required, which are
all explained below the figure.

Theory: Practice:
Analysis behaviour PCSPs: Analysis Reinbouw project:

== == < Gaining insight into
> behaviour PCSPs

| =
|
| t
Development FE-model: I [ Calculation pile-foundations:
DIANA I | App\\ca bl‘\ty of PCSPs | Hand calculations/Technosoft
I
|
I

Checking FE-model:

Literature studies Study of project-files

(= — J

Determination shear forces:

Literature studies/DIANA Hand calculations
Developing simple Gaining insight into
Developing prediction model: PCSP-models requirements PCSPs Determination soil-forces:
DIANA/Maple/Excel SCIA

Application prediction model in Reinbouw project:

Hand calc./Excel

Figure 1-3: Flowchart research methods

Related to the theory-aspect of this thesis, phase A conducts literature studies on both general
bending behaviour and PCSPs. During discussions about this Master’s Thesis with experts of concrete,
a combination of both literature studies and interviews resulted in a well-founded decision on the
most important differences between usual tension-stiffening behaviour and that of PCSPs.

Phase B commences with developing the prediction model, which is done in a Finite Element
Modelling (FEM) program (DIANA) for the most part. Some analysis takes place outside this software,
e.g. comparing the results of the model to the experimental results of a PCSP-design.

Phase Cis a comparison study of the first iteration of the prediction model and experimental results
of multiple similar PCSP-designs. Some of the PCSP-designs will be significantly different, to test
robustness. This will therefore be an comparison between FEM programming and literature results.
After this analysis is completed, insights are gained by checking the FE-model and the initially
expected results from phase A.

Phase D uses both Maple and Excel to develop an analytical prediction model for PCSPs. The FE-
model from Phase C is used to compare these models, so that a broad set of floor-designs can be
compared. After this development and comparison, the analytical Excel-model is used to gain more
insight into the effect of the main parameters on the stresses in PCSPs.



For the practical part, all calculations are done in collaboration with Lievense | WSP. Firstly, the
practical part starts off with an analysis of the expected flow of forces in the entire structure.
Afterwards, hand calculations and Technosoft are being used in phase B to calculate the required
foundation piles of this structure. Based on this lay-out, stiffness calculations can be done by hand,
and wind-loads on each cross-section can be calculated. The relative stiffnesses are also used as input
in SCIA, to calculate the resulting stresses when soil settlement is present. Finally, both the theoretical
and analytical part are combined into phase E, where Lievense | WSP is advised on their use of PCSPs,
based on the gained insight and prediction model from the theoretical part.

1.5.  Scope and limits of research
In regards to the non-linear FE-model, no model has been able to predict multiple experiments
correctly. As the goal is to gain more insight into the non-linear bending-behaviour, some advanced
aspects of behaviour will not be taken into account. Creep, relaxation, and settlements are all
elements that will not be computed or analysed in the FE-model. Additionally, only already done
experiments are being used as comparison-material for the FE-model. No experiments are done for
this research specifically.

While an analysis will be conducted on the forces and displacements caused by a conceptual
prefabricated building, the FE-analysis only includes one floor-element. The forces and displacements
from the SCIA-analysis can be used to gain insight into what kind of loads are applied on the
structures, but the FE-model and analytical model will focus on local forces only.

Moreover, this research cannot take into account some important elements of PCSPs, mainly due to
the boundaries of the methods that were chosen. Firstly, non-linear FE-modelling cannot analyse all
important aspects of PCSPs. One of the main elements missing from these kinds of models is
robustness against procedural errors. Experimental results have shown that construction details have
an important role on PCSPs, for the weakest parts of the panel are dependent on this (Bush & Stine,
1994). Additionally, aspects such as faulty concrete pouring and misplaced reinforcement could
decrease the stiffness or resistance of a PCSP element.

Additionally, the analytical prediction model is solely applicable to the linear part of PCSPs. Non-
linearity is not included, and when strength-limits are reached, the model is not trustworthy anymore.
Even though there is a possibility that other floor-elements will show comparable results when the
model is used, there is no proof that this will work for all elements. The model also possesses some
simplifications in regards to dimensions; the only possible design is two identical concrete wythes
with one intermediate layer including insulation and truss-connectors. Finally, because models have
always been developed by scientists, these

models will be lacking information they are not Aspects PCSPs
aware of. Even in the case where the author |Aspects known & Aspects known & not
analyses all papers on PCSPs, there might still | taken into account: taken into account:

be features about PCSPs that are unknown to
anyone in this field of research. These unknown
features are hard to locate as only experiments |«  Steelyielding - Relaxation
from earlier studies are used, on which the
prediction model will be based. A visualisation
including some examples is given in Figure 1-4.

. Concrete cracking » Creep

Figure 1-4: Diagram showing the boundaries of PCSP-aspects



2. Literature study

2.1. Theoretical background of PCSPs
The linear way in which our buildings and their materials are built and used, is no longer sustainable.
Because of this, efforts have been made to increase the sustainability of building-designs. Circularity
principles have begun to be incorporated into sustainability applications only recently (Kubbinga, et
al., 2019). Still, The Netherlands are one of the leading countries which, regarding circularity, already
think about the re-use of materials the most (Gruijl, 2019).

A PCSP, as already shown in Figure 1-1, consists of two reinforced concrete layers called wythes, with
a layer of insulation in between. Often, especially when these panels are load-bearing, truss shear
connectors are also applied to attach the two concrete wythes. Due to this lay-out, they are very light-
weight and efficient as wall-elements. Only more recently, their application as roof or floor panels has
been researched (Hopkins et al., 2017). Floor panels will be loaded in bending mainly. However, shear
forces will also occur through the PCSPs in the design of Lievense | WSP, due to the prefabricated

nature of the structure.

Aiming to apply the most circularity possible,
client Reinbouw asked Lievense | WSP to design
an apartment building with as many
prefabricated concrete elements as possible.
They also wish to minimise the use of wet
connections. The concept that Lievense | WSP
designed, has already been displayed in Figure
1-2. In Figure 2-2, a side cross-section of the
Reinbouw project can be found. Additionally, the
top view of the ground floor can be found in
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Figure 2-1: Top view ground floor Reinbouw project




by wind-loads or unequal settlements. Thus, these forces must be transferred to the sides of the
buildings. Apart from this additional transfer, the connections between floor and walls are weaker
than non-prefab structures. As the floors are only connected with steel connectors as shown in Figure
2-3, the rotational stiffness from the frame-structure is relatively low. This will cause a further unequal
rotation in the structure, resulting in more forces being transferred to the diaphragm walls.

‘/' N
2/

Figure 2-3: Steel connectors in floors

On top of wind loads, the Reinbouw project is also very sensitive to foundation setting (Mink,
Discussion about the Reinbouw mid-rise project, 2019). As mentioned before, the stiffness of the
frame structure is relatively weak. If a certain group of pile foundations sag significantly more than
others due to weaker soil, this unequal deflection will result in stresses in the unit-walls. Most
importantly, as shown in Figure 2-4, door-openings in the unit walls result in a very thin concrete part
above these openings. This causes both a low shear-resistance and low stiffness of these elements,
requiring other elements of the building to help support this foundation setting. This is mostly done
by the floor-elements: Precast Concrete Sandwich Panels (PCSPs). If the effect of foundation setting
on the resistance and stiffness of PCSPs is not considered well enough, a failure similar to Eindhoven
Airport might occur. Here, a newly built parking garage collapsed, partly because the temperature-
effect on the floors was not taken into account sufficiently, while the production of the floors also had
some errors (NOS.nl, 2017) (Hellenberg Hubar et al., 2019).

@ o, G) = ®

Doorsnede A-A ‘ ‘ ‘ ‘ ‘
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Figure 2-4: Front view Reinbouw project
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This research will focus on the precast concrete sandwich panels. In . Strain
the case of an in-plane shear force— by either a bending moment or T
adirect shear force —a PCSP without truss shear connectors can still
resist some load in this direction. This is related to the shear surface
between the wythes and the insulation-layer possessing some
resistance. However, in order to significantly increase the resistance
of the element, truss shear connectors have to be added. If these
changes are implemented, the resistance of PCSPs can possibly be
doubled (Choi et al., 2015). The (bending) stiffness also significantly
increases, based on a principal called composite action, as shown in
Figure 2-5. Fully composite behaviour means that multiple layers all - ) Strain
behave as one “unit”, where the plane of the entire element remains R
straight. Non-composite behaviour is based on that all layers -z
behave and bend independently on each other. However, PCSPs TR
behave somewhere in between fully and non-composite, which is ) Partially Composite
called partially composite. Depending on how many shear rigyre »-s5: Different types of composite
connectors are applied, this composite action either increases or action (Salmon etal., 1997)
decreases. However, fully composite behaviour for PCSPs is

essentially never expected, as this requires an inefficient number of connectors (Hamed, 2016).

l
T

Strain
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A multitude of shear connector types can be used. FRP shear connectors have been preferred lately,
due to their lower thermal conductivity, which prevents thermal bridging. However, these connectors
also have a lower stiffness compared to steel, which influences the behaviour of the PCSPs severely
(Hopkins et al., 2017). Thus, it is clear that many studies have been done on PCSPs as both wall and
floor-elements.

However, Hamed remarked that most of the studies done on PCSPs do not take this partially
composite behaviour into account, which is a very important feature of PCSPs. He developed a
theoretical model that takes this behaviour into account, and which “accounts for the axial and
bending rigidities of reinforcement (RC) layers and their potential cracking” (Hamed, 2016). When
comparing the results of this model to experimental results, excellent agreement exists up until the
cracking of concrete wythes. In this phase, the model misses an appropriate tension-stiffening model.
In order to find the right model, the cause of post-cracking behaviour must be understood first. A
finite element model can be developed to create a PCSP-framework. This framework can be
compared to different experimental results, to find the main influences of the post-cracking
behaviour.

Throughout the years, multiple studies have been conducted on the finite element analysis of PCSPs.
Initial research was only in the linear phase and did not take the structural interaction and the cracking
wythes into account (Salmon et al., 1997), while it was known that the overall behaviour of PCSPs is
non-linear and ductile (Einea A. et al., 1994). Even the more recent analyses have not been able to
predict the post-cracking response, while the linear behaviour was correctly predicted (Bajracharya et
al., 2013).

Last year, a non-linear model was developed to continue the partially-composite research done by
Hamed (Huang & Hamed, 2019). Even though the non-linear FE model was able to correctly follow
the theoretical model, it still did not follow the post-cracking response of experimental results.
Multiple experiments were compared, and while all experiments compared well with the model in the
linear phase, the non-linear phase was only correctly predicted in only one experiment.
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Regarding the linear behaviour, some issues are present as well. Although previously-mentioned
mathematical models and FE-models help with gaining insight into the linear behaviour of PCSPs, the
required theoretical background to understand these advanced models is high. These types of models
are impractical to use by everyone that wants to apply PCSPs to their design. Additionally, although
some parameter-study is done in the previously-mentioned research (Hamed, 2016), no clear
individual influence per parameter is analysed. In order for PCSPs to be used more widely and
confidently, simple expressions are preferred where input-parameters can be used to find the linear
behaviour of these floor-elements.

As mentioned in the last paragraphs, the developed FE-model was not able to predict the behaviour
of every PCSP-experiment, and no easy-to-use model is present. In the case of the Reinbouw project,
the floors will be loaded by considerable shear forces as well. The effect of this load-combination on
PCSPs is still unknown. Thus, it could be claimed that some important elements were not present in
the currently-developed models. Without more developments focusing on the practical applicability
of PCSPs, these floors are unable to be used more easily in practice.

12



2.2. Loading-behaviour usual floor-designs
When a common monolithic floor is loaded in bending, the Bernoulli-Euler beam theory can be
applied. In this theory, two assumptions are present: plane sections remain straight, and that all
beam-angles are small (Learn About Structures, 2020). This theory is still the method that is used
most often to calculate the bending behaviour of beams. However, in some designs, these
assumptions are not valid due to the non-straight plane sections. This is present in composite
structures, like a mechanically connected timber floor-system or a concrete-steel composite floor.

In the case of mechanically connected b (1) o o

timber beams as shown in Figure 2-6, ‘ f » [
a method is given in the Eurocode to  #+/+ & | §n - o -
calculate the effective stiffness of such

2 y - .

I
|
L T 4 —
a beam (NEN, 2011). Initially, a set of ~, |, - i L Y T,
) ) ) 2 'z B2 ” b, 0,5h, a, [ | - 72
assumptionsis given, that focus on the > '
e [

2

1 S
boundary conditions and material- " s £ 05, A
- . . . b,
restrictions. The bem.jmg stiffness is F—»‘ @) }«ﬂ
then calculated following the common . 3 5

method of summing the individual Figure 2-6: Cross-section of a mechanically connected beam, including
bending stiffness and the Steiner rule qualitative stress-valves

of each layer. However, a factor is

added to the Steiner-part, which takes into account the relative slip between the layers, causing a
reduction in the effective stiffness. This factor is dependent on the axial stiffness of the individual
layer, the centre-to-centre distance between the steel connectors, the stiffness of these connectors
and the span length. This factor could essentially be seen as the “composite factor” of these timber
floor systems.

Regarding concrete-steel composite behaviour, the Eurocode also contains calculation methods for
these composite structures (NEN, 2005). Behaviour is not the focus in these documents. However,
some research has been done on the effect of potential slip and cracking in steel-concrete composite
elements (Abspoel, 2018). These elements have a poured concrete top layer, which is connected to a
steel element. Regarding slip, the influence can be neglected within certain boundaries. If slip cannot
be neglected, an increase in deflection can be determined by a simple expression. In this case, a fully
composite floor is assumed, except when specific boundaries are exceeded. In that case, an increase
in deflection is assumed, referring to the presence of a partially composite structure.

Regarding the non-linear behaviour, the N|  crack stabilized
. formation cracking
most well-known post-cracking P _shee  cwge | &
. . . . . = Ns
behaviour is the tension tie model, which EE ’
7
1 1 - I N 1 = uncracked stage
can be found in Figure 2-7. Simple @/7’%"/ 04; e age
formulas have been derived for this @ - 5P| 3= stabilised cracking stage
. ster ff N o4 4 = steel bar(s) only (unbonded)
behaviour, that are dependent on the @ 5 = yielding of reinforcement
. / //
strengths and stiffnesses of concrete and |-
. AL/
reinforcement steel, as well as the s - I
relative amount of applied Ep,

reinforcement. This theory is also Figure 2-7: Tension stiffening behaviour simple RC beam

applicable to a moment in a bending-

beam, where curvature is used instead of strain. This model can be applied to most monolithic
concrete elements.
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Even while the elements are monolithic,
fibre reinforced concrete (FRC) cannot
apply the graph from Figure 2-7, due to its
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significant different behaviour compared
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solve this problem, much research has

Flexural stress |[N/mm?|

= Ry
0
00 10 20 30 00 10 20 30 00 10 20 30
Deflection [mm] Deflection [mm] Deflection [mm]
12 .
:

Flexuralstress [Nmm?|

Flexural stress [Nmm?|

ow &0 wd

Sy
s

been conducted on the post-cracking
response. For example, a tri-linear
constitutive law was developed for this
type of concrete. This law was required, in
order to take into account both the
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Figure 2-8: Comparison between numerically (red) & experimentally
(grey) obtained flexural response of SFRC (Hellenberg Hubar et al.,

tension-stiffening and -softening effects. A FEM-analysis was done on FRC and compared with the
simulated curve from aforementioned model. This comparison showed good results for most designs
(Soetens & Matthys, 2014), as is shown in Figure 2-8. This way of comparing the results between FE-
model and experiment is a valid method to use in this research as well.

Inthe case when the element is not monolithic, the Eurocode includes a strength-check for the friction
layer between two layers of concrete that were poured at a different time. Next to parameters that
are commonly used related to strength and reinforcement ratio, additional parameters regarding
outward forces, perpendicular forces and roughness of the surface-layers are also present (Hellenberg
Hubar et al., 2019). In general, the Eurocode only sets rules and requirements regarding strength,
cracking & deflection. The behaviour of elements after cracking is not part of the calculation-

procedure, and as such not specified.

If concrete-steel composite beams, as mentioned in the third paragraph of this section, are being used
in a continuous form, cracking can occur in the concrete part of the beam due to negative moment at
the supports. The reduction of moment due to this cracking will result in an increase of the deflection,
which is expected with concrete cracking. Again, this increase can be calculated relatively easily by an
expression. If a continuous beam is used within certain boundaries, an even simpler assumption can

be used (Abspoel, 2018).

Apart from the abovementioned rules and regulations,
most uncommon elements are tested or verified using
experimental data. Many common floor-elements — flat
slabs, conventional slabs, hollow core ribbed slabs etc.
(Designing Buildings, 2019) — can be calculated using the
procedure from Figure 2-7 as they are non-composite and
poured monolithically, while the stiffness of simple
composite beams can be verified using the formulas and
assumptions in the last paragraph.

The FEA program DIANA has multiple predefined tension-
softening and -stiffening models for its concrete crack
model. These can be found in Figure 2-9. In this figure,
models for fibre reinforced concrete are also included.
Apart from tension models, compressive crushing models
are also present. More generally, bond-slip models can be
applied as well to include friction between different layers
of materials.
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2.3.  Unique aspects PCSPs
A PCSP floor varies from conventional floors in multiple ways. In order to analyse all the aspects that
could make a difference in the behaviour, the PCSPs are being compared to the floors that are able to
be calculated using the methods described in the last section. Finally, it is checked if any aspect is
missed during this comparison.

Regarding the linear bending behaviour, the composite factor is the main unique parameter. This
parameter is also present in other composite floors. However, compared to the timber and concrete-
steel composite floors from Section 2.2, there are some clear differences. Firstly, the composite factor
of both known behaviours are dependent on the interface between the different layers. The
composite factor of PCSPs is mainly dependent on the entire layer between the concrete wythes. As
mentioned before, the truss-connectors play an essential role here (Hopkins et al., 2017). As such, the
composite behaviour of PCSPs is not comparable to these other composite floor- and beam-systems.
This means that the known expressions from the Eurocode are very difficult to be used or edited so
that they are applicable to a PCSP and their intermediate layer.

The non-linear behaviour is dependent on more features of PCSPs, and as such is discussed here more
in detail. Firstly, the PCSP structure is non-monolithic. Due to this, the principle from Figure 2-7
cannot be used. Next to the concrete and reinforcement steel, shear connectors that protrude the
concrete and insulation layers are also present.

Secondly, PCSPs also differ significantly from the common composite steel-concrete structure. It is
said that the truss shear connectors have a linear behaviour, but that the global behaviour of PCSPs
is still non-linear and ductile (Hamed, 2016). The steel-concrete composite structure mentioned in
the last section will only crack in a continuous structure. However, as PCSPs also have a concrete
bottom layer, cracking is expected to always occur (Yang, 2019).

Thirdly, PCSPs require an inefficient amount of truss connectors to gain full composite action (Hamed,
2016). As the behaviour between PCSPs and steel-concrete composite structures is significantly
different, the same rules for ignoring slip cannot be used. Thus, in initial calculations, this slip cannot
be ignored.

Lastly, as the individual layers do not possess very unique features, the predefined stiffness-models
from DIANA can be used initially. However, the interaction between these layers could change the
initial behaviour of these layers after they have cracked. This might result in the application of more
advanced stiffness-models.

In summary, a bullet-list will be given to show all the unique elements of PCSPs:

e Top and bottom layer: concrete wythe
o Partial or complete cracking of layer
o Pull-out of truss shear connector
e Middle layer: insulation & truss connector
o Lower stiffness
o Lower resistance
e Top and bottom shear-surface
o Effect of concrete cracking
o Effect of insulation shearing
o Shearsurface
o Shear connectors
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In the next section, priority will be given to some of these aspects, based on conclusions made from
research or expert opinions. The following researches on PCSPs are used for this analysis:

Connector reinforcement

- Choi et al. (2015) present in-plane shear
experiments of PCSPs with and without shear /\\ g Concrete
connectors. The variables in these experiments 7\ T [T
are related to the choice of insulation material
and the dimensions of the shear connectors. The
test lay-out is shown in Figure 2-10, where a
vertical load was applied to the middle concrete
element to create a direct shear force along the

Insulation

&
<€

Concrete

1350

1200

interfaces.
- Hopkins et al. (2017) tested four PCSPs on their
creep behaviour in bending direction. FRP truss ] - Lo 100l.120 1100
450 or 480

connectors were applied, and the structures
were loaded for 150 to 250 days for different Figure 2-10: Shape & dimension push-out
panels, as shown in Figure 2-11. While specimen
creep is not being included in this thesis, p44 mm )
this paper did contain some statements  Feo-Blocks 5
about the behaviour of PCSPs that gave a Test Specimen
clear priority to some features of these /

i

elements. [ |

- Hamed (2016) developed a theoretical (])
model that is able to include the non- r
linearities of concrete and  partial rigyre 2.11: Creep loading schematic
composite action. The research starts off
with a summary of multiple experiments and researches that were performed on PCSPs. In
one of these researches, it is claimed that the structural interaction with the insulation layer
can be important under service- or post-peak loads (Yun et al.,, 2012). The model was initially
compared to a high-order sandwich theory, which showed excellent agreements with the
theoretical model. After this, both a parametric study and comparison to experimental
bending tests were performed.

- Based on the theoretical model of Hamed, Huang (2019) developed FE-models of PCSPs.
These models were compared to multiple experiments. Firstly, the model was compared to
an experiment where 6 PCSPs were loaded by an airbag in the flexural direction (Bush & Stine,
1994). Two of these PCSPs were compared, together with two experiments from another
research (Salmon et al., 1997). In most of the comparisons between FE-model and
experiment, the results were good to excellent up until cracking, as shown in Figure 2-12.
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a),, (b) / —— FE model !
&/
25 | O 25 O Panel M-CF2 g | 5/
= | oKX s 1 — — = Fully-composite = g/
i
s 20 ! €20 f / — - —-Non-composite ,-:!‘_'_ S/ F ]
¢ | = / ve S nuE
5 | g o 5 =/
2 I3
I3 3 “ o
§ 15 1) S g1 i ! —— FE Model
s FE Model & T4t Panel 1
£ 10 & Panel P-CF4 T 10 3 ; W Panel2
: . [} !
E 7 — — = Fully-composite L; < ) I e
5 7 — - — - Non-composite 5 r ',7 Non'@mp’ SE_.
0 N L § o & N 0 s s L N L s .
0 30 60 90 120 0 10 20 30 40 50 60 0 20 40 60 80 100 120 140 160

Figure 2-12: Comparisons between experiments and FE-model from Huang (2019)
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2.4. Prioritising aspects for model-development PCSPs
Based on the aforementioned experiments and interviews, PCSP-features will be prioritised on
significance. In the FE-model, this list will be the basis for development, where the most essential
aspects are applied to the simple model first, in order to find an accurate model the quickest. Only the
non-linear aspects are prioritised, as this is the most difficult aspect to predict and model.

Related to the concrete wythes, multiple statements have been made. Firstly, serviceability failures
can often be caused by not accounting for concrete cracking and other non-linear long-term effects
(Hopkins et al., 2017). Additionally, it is claimed that the “unique behaviour and stress redistributions
that occurs after cracking [...] cannot be represented using simplified equivalent beam analysis, and
should be carefully considered in the design and analysis of PCSPs” (Hamed, 2016). However,
assuming a PCSP loaded to the point of cracking, it can be assumed that the bottom wythe will crack
completely, imitating the behaviour of a simple reinforced concrete bar as mentioned in Section 2.2
(Yang, 2019). Lastly, pull-out of the shear connectors has occurred during shear-tests, but only during
the post-peak deflection (Choi et al., 2015).

The insulation layer plays a much less important role when truss shear connectors are applied, as this
layer will be much less effective and will also transfer significantly less stress (Hamed, 2016). In shear-
experiments, the immediate loss of strength after the peak-strength is often accompanied by shear
cracking of the insulation layer. Lastly, the choice of insulation also influences the post-peak
behaviour in shear, as some insulation types fail more ductile than others (Choi et al., 2015).

Due to the complexity and many features of the shear surface and -connectors, many observations
have been done related to this part of the structure. On top of the loss of strength during shear
cracking of the insulation layer, bond face slip also occurs often after the peak strength-deformation
was acquired in shear-experiments (Choi et al., 2015). It has also been mentioned that the global
behaviour of the PCSPs heavily depends on the stiffness of the connectors (Hopkins et al., 2017).
Additionally, the structural interaction between the insulation layer and concrete wythes can be an
important factor under service or post-peak loads (Hamed, 2016).

A summary of the conclusions of these researches can be found in Table 2-1. For the most part, all
papers agree on the importance of the different characteristics. However, it can be seen that the
shear-experiments from Choi et al. (2015) consider insulation as an important element of the panel,
while the researches on flexural experiments deem this element much less important. As the FE-
model will be compared to a flexural test initially, the characteristics from flexural experiments will be
used for the priority list in the development-phase. As such, the priority lies mostly on the concrete
wythes, as the cracking-behaviour of PCSPs is very unique, and has not been able to be predicted well
in FE-models so far. Additionally, the truss connectors seem to have a large effect on the general
stiffness of the structure. Each element of PCSPs, including their characteristics, minimum and
maximum values of used experiments, and importance to the global behaviour (based on the
literature-study)  are | |

given in Table 2-2. A '
side-view of a PCSP is
given in Figure 2-13, to
visualise where the
important aspects of
these floors lie.

Concrete [I]
Reinforcement [III]

nsulation [V

Connectors [I1]

Concrete [I]

|
Figure 2-13: Side-view PCSP

17



Table 2-1: Summary of experiment-conclusions

Experiment Type of Concrete wythes  Connectors Insulation
experiment
Hopkins Flexural - Important to - Stiffness heavily -
(2017) account for depends on
cracking connectors
Hamed Theoretical = - Unique behaviour - Interaction between - Much lessimportant
(2016) model: due to partially layers can be role when connectors
flexural cracked top layer important under are applied
post-peak loads
Huang FE-model: - Wasnnotable to - -
(2019) flexural fully predict post-
cracking response
Choi (2015) In-plane - Ductility gained - Cause of peak- - Choice of insulation
shear by pull-out failure important when no

connectors are applied
- Failure accompanied
by loss of strength

Table 2-2: Parameter values and their importance

Element Parameter Min. value in Max. value in Importance
compared compared based on
experiments experiments  research

Concretewythe ] FEEEE s
Elastic modulus 30540 MPa 33550 MPa ++
Thickness 60 mm 76 mm ++
Compressive strength 30 MPa 38 MPa 0
Tensile strength 2.89 MPa 3.7 MPa ++

Connectors [ll] _
Elastic modulus 30200 MPa 200000 MPa ++

Yield strength 401 MPa 424 MPa

Steel reinforcement ] ————

Elastic modulus 200 GPa 200 Gpa
Yield strength 410 MPa 448 MPa
Steel prestressing [IV] ————
Elastic modulus 200 GPa 200 GPa
Yield strength 1644 MPa 1860 MPa -
Prestressing 1042 MPa 1080 MPa
Insulation [V] ————
Elastic modulus 3.5 MPa 5 MPa
Thickness 51 mm 100 mm o
Tensile strength 0.124 MPa 0.124 MPa -

The importance of each of the aspects from PCSPs will be used to develop the FE-model in the next
chapter. In order to gain a correctly-performing model as quickly as possible, the most important
aspects are added first.
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3. Finite Element Model

3.1. Development of the FE-model
Before the model-development can start in DIANA, some preparations have to be made. Firstly, a
roadmap for development has to be produced, so that the model-development has a clear process
that it can follow. This roadmap will not be very detailed, but is more of a mindset in how the model
will be developed step-by-step. Secondly, an experiment from Section 2.4 has to be chosen to use as
a comparison to fit the FE-model to.

Development roadmap

As one of the goals of this research is to gain a more detailed insight in which features have the
greatest effect on the post-cracking behaviour, the FE-model will be built in multiple stages. It is also
useful that the development process will be done in small steps, so that mistakes in the model can be
found quickly. Additionally, computational time can be controlled, so that a very long computational
time will not occur too suddenly.

In the development of the model, priority is given to the features that have been mentioned as most
important in other research, as shown in

Table 2-2 in Section 2.4. However, in order to add these features, a base model must be made first.
The initial plan of development is as follows:

Linear truss system with simplified concrete wythes

Add simplified physical non-linearity bottom concrete wythe
Add physical non-linearity truss connectors

Add physical non-linearity top concrete wythe

Add geometrical non-linearity

Add linear insulation layer

Add normal physical non-linearity bottom concrete wythe

N owv W N R

The simplified bottom concrete wythe at point 2 refers to a simple line-element for the concrete, that
cracks fully after the limit strength is reached. After this limit strength, the reinforcement resists the
forces in the lower wythe. This simplified model is based on a discussion with Yang (2019) that is
described in Section 2.4. Point 6 and 7 are optional additions, in the case of the model possessing
insufficient accuracy.

Choice of experiment

There are multiple factors influencing the choice of the experiment. Firstly, a clear input is required in
the research-paper, so that the input of DIANA is as specific as possible. Secondly, the output is
preferably well-stated with large graphs and clear axes. On top of this, a description of what type of
failure occurred during which phase is important. This can be used to check if the FE-model is
following the experiment-results, both graph-wise and behaviour-wise. Lastly, to ensure that the
experiment is also trustworthy;, it is preferred that the same type of element has been tested multiple
times. As can be seen in Figure 2-8, an experimental envelope can be visualised, to show the variation
in the experiments themselves.

As mentioned in Section 2.4, Huang (2019) has already developed a FE-model that is able to predict
the post-cracking behaviour in bending partially. However, it has only been compared to a small
number of experiments, of which only one did follow the post-cracking behaviour very well. In the
other comparisons, the model underestimated the stiffness considerably.

19



It has been decided to create a new FE-model in DIANA, where the model will be based on the
research of Huang (2019). This model will be compared to experiments that Huang also used, to
ensure that the FE-model was developed correctly (Bush & Stine, 1994) (Salmon et al., 1997). As panel
M-CF2 from Bush and Stine (1994) possesses the most similar behaviour to the original FE-model
(Huang & Hamed, 2019), this panel will be used to work through the plan of development to find the
most essential features.

To give more insight in which features have more impact, the results of each intermediate model will
be compared to each other and to the experiments. If the final model-version compares well to the
experiment, it will be possible to test the robustness by comparing the model to more experiments.
For example, other experiments from Bush & Stine (1994) or Salmon et al. (1997), or experiments with
a different loading direction will be used to test the FE-model.

Experiment information

The characteristics and material properties of the M-CF2 panel are given in Table 3-1 (Huang &
Hamed, 2019).

Table 3-1: Characteristics and material properties panel M-CF2

Amount of shear connector 2 Steel truss connector angle 51.81°
rows

Height 4.88m Steel truss connector diameter | 6.19 mm
Width 2.44 M Prestressing yielding strength 1840 MPa
Thickness concrete wythes 76 mm Prestressing diameter 9.5 mm
Thickness EPS 51 mm Prestressing compressive force 384 kN
Elastic modulus steel 200 GPa Strands per concrete wythe 5

Elastic modulus insulation 5 MPa Concrete crushing strength 38 MPa
Steel yielding strength 410 MPa Concrete elastic modulus 33.55 GPa
Steel reinforcement diameter 6.42 mm Concrete flexural strength 2.89 MPa
Steel reinforcement spacing 152 mm

The (non-linear) stress-strain b (o2
C EC [
i i ?T’(T)
relationships of the concrete fon | 254 for im0 <0 e for el <o
and steel are also specified, 1+(5—ﬂ—2]5 o ; SUONY
. . . O = 1 g =14 Esgy for g <g
which can be foundin Figure3-1. ™ Eete for 0<e <ey ;;" ; ’<\ ’
. — Esgy for g < —g
However, as the model will be e 08C-XIE ¢ for g, <€,
rebuilt in another FEM program, for  otherwise

the options from this program

will be used initially. Both the 100 5010
insulation and the truss connectors are assumed to be linear elastic in the original FE-model (Huang
& Hamed, 2019). As mentioned in the development roadmap, the truss connectors in the newly
developed model will possess non-linearity.
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Development-process

In this part, the development of the FE-model is described. As this is done in multiple steps where
multiple models were developed, a summary of what in included in which models can be found in
Table 3-2. The cross-section that is included in the FE-model is shown in Figure 3-2. Because the model
is two-dimensional, the widths and areas are found as input in the model, and not possible to be

viewed as shown in Figure 3-2.

Table 3-2: Summary model-process

Model

T tmm
51 mm

T8 mm

Insulation

Not
present
Not
present
Not
present
Not
present

Not
present

Sheet
Linear

Sheet
Linear

L Reinforcem ent (716 42 mm)

Reinforcement Bottom Shear Top Geometrical
& Prestressing  concrete connectors concrete  non-
wythe wythe linearity

Indirectly Truss Truss Truss Not applied
applied Linear Linear Linear
Indirectly Truss Truss Truss Not applied
applied Non-linear Linear Linear
Indirectly Truss Truss Truss Not applied
applied Non-linear Non-linear Linear
Indirectly Truss Truss Sheet Not applied
applied Non-linear Non-linear Non-

linear
Indirectly Truss Truss Sheet Applied
applied Non-linear Non-linear Non-

linear
Indirectly Truss Truss Sheet Applied
applied Non-linear Non-linear Non-

linear
Reinforcement  Sheet Reinforcement Sheet Applied
truss Non-linear truss Non-
Non-linear Non-linear linear

M-CF2
| | l ]
152 mm ' : 428 mm !
® Concrete @ L ] L] | L L L] I
1
| Truss-connector (@ 6.19 mm)
® Concrete @ [ ] e | e L] o] ® :
1220 mm

Figure 3-2: Cross-section FE-model M-CF2

As can been seen in the table, the reinforcement and prestressing is applied indirectly for the most
part of the development process. This means that the additional and residual strength due to the steel
were included in the characteristics of the concrete elements.

Apart from the input mentioned above, an effort has been made to make the other elements of the
model as similar as possible. For example, the same element sizes were used for each version. Initially,
element sizes of 38 mm were used without allowing many iterations per load step, in order to check
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the correctness of the model without too much time spent on computation. These were later changed
to 10 mm elements, in order to create a more realistic model. Additionally, in the non-linear versions,
an effort was made to load the models until divergence of the model occurred. As such, multiple,
smaller load-steps were taken.

Model versions
Version 1

The model is shown in Figure 3-3. This initial version is completely linear, where the white lines depict
the concrete wythes, and the blue diagonal bars are the truss shear connectors. The input for
stiffnesses have been acquired from Hamed (2019), which were 33550 MPa and 200000 MPa for
concrete and steel respectively, as mentioned in Table 3-1.

The load is set at 18.3 N/mm, which is equal to half of the full distributed load applied on the structure.
Additionally, the depth of the concrete is only taken as half of the original experiment, which is 1220
mm. The reasoning to take half of the structure, is to only have one set of truss shear connectors
applied.

- o - -. - R - -.
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R . EA A A A A S A S S

Figure 3-3: Model view of version 1 to 3
Version 2

In this version, the lower concrete wythe now possesses non-linearity. As mentioned before, this
could be modelled as a simple beam, as this wythe will fully crack (Yang, 2019). This follows the
behaviour of a simple tensile tie model. Thus, the model still looks identical to Figure 3-3.

The tensile model of the lower beam-element is set as a brittle behaviour, as the reinforcement and
residue prestressing have less resistance than the tensile resistance of the concrete. Including the
compressive prestressing, the total resistance of the concrete is set as 4.97 MPa. After cracking, the
steel will still be able to resist 2.63 MPa.

Version 3

The change in this model consists of the addition of the non-linearity of the truss-shear connectors:
the yield strength is set as 410 MPa.

Version 4

The upper concrete wythe is now also included as a non-linear element. However, as this wythe will
partially crack, a simple line-element will not be able to follow a realistic behaviour. The new model
can be found in Figure 3-4. The yellow sheet is the upper concrete wythe, while the lower concrete
wythe is still modelled as a simple line.

However, the sheet elements possess the same characteristics as the lower beam element. A brittle
behaviour, with tensile strength and residual strength set at 4.97 and 2.63 MPa respectively. This
means that the reinforcement is not applied individually in the model.

According to the analysis from Section 2.4, the versions after this version should have little to no effect
on the behaviour.
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Figure 3-4: Model view for version 4 and 5

Version g5

The only change in this version is that geometrical non-linearity has been added.
Version 6

The new lay-out of the model can be found in Figure 3-5. In this version, the insulation is added. As
this material has a very low stiffness — 5 MPa — it is considered linear elastic for computational
purposes.

Figure 3-5: Model view for version 6

Version 7

In the last version of this model which can be seen in Figure 3-6, multiple changes have been made to
make the behaviour more realistic. This was due to the model still showing a heavy underestimation
in the stiffness. Firstly, the lower concrete wythe has also been modelled with non-linear sheet
elements. Secondly, the truss connectors are now modelled as reinforcement trusses, causing a more
realistic behaviour as more nodes per element are possible. Thirdly, the reinforcement and
prestressing steel has been added independently as reinforcement trusses, and the concrete now only
contains its own characteristics. This also means that the prestressing is added as a load instead of an
additional concrete strength. Due to this, the concrete is able to follow the CEB-FIP Model Code 1990,
with a fracture energy of 0.112 N/mm (Ulfkjaer & Brincker, 1995). The reinforcement steel has a yield
strength of 410 MPa, while the prestressing steel has a strength of 1840 MPa and a prestress of 1080
MPa.

I S . A S A A R A S A | R A S A

Figure 3-6: Model view for version 7

Results

As mentioned before, all models were initially tested with larger elements and a small amount of
maximum iterations. Afterwards, smaller elements were used, and the amount of maximum
iterations were increased. For the (partially) linear models, results are limited to the point where any
linear element exceeds their strength. This way, only realistic results from the models are shown. The
model-results for version 1to 6 can be found in Figure 3-7. Version 1 and 2 limit their results due to the
stress in the truss connectors exceeding their strength. Version 3 is limited by the point where the
bottom edge of the top wythe would start cracking. All other versions are fully non-linear, which
means that they are loaded until no convergence can be found. It is noteworthy that version 1 to 6 all
follow the same behaviour, where specifically no visible change can be found in the non-linear part
between version 4 to 6. Load-displacement results for model version 6 and 7 can be found in Figure
3-8. In this figure, the experiment-results are also shown. Version 7 shows a significant positive
change, increasing both the stiffness and resistance. This causes the model to be much more accurate
in predicting the non-linear behaviour of this PCSP-design.
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In order to gain more insight in the actual behaviour, the FE-model will be analysed more thoroughly
based on six points in the loading-process. In Figure 3-8, these points are shown by red crosses. Both
models V6 and V7 will be shown at similar levels of deflection, in order to have some level of
comparison between the versions. The displacements for each of these visualisations, together with
the applied load at that load-step and what this point visualises, are given in Table 3-3.

Load-displacement diagram V1-V6
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v M-CF2 (V4)

M-CF2 (V3)

M-CF2 (V2)

Load [N/mmA~2]

M-CF2 (V1)

= = Fully composite
0 5 10 15 20 25 30 35 40

Displacement [mm] = - =Non-composite

Figure 3-7: Load-displacement diagram of model version 1 to 6

Load-displacement diagram V6 & V7

0,02

o
o
P

o

M-CF2 (V7)

M-CF2 (V6)
0,01
= == Fully composite

= - = Non-composite

Load [N/mmA~2]

o
o
o

ul

® Experiment M-CF2

X  Points of visualisations

o 10 20 30 40 50 60 70

Displacement [mm]

Figure 3-8: Load-displacement diagram of model version 6 and 7

Table 3-3: Description of result-visualisations

Image DeflectionV6 Load V6 Deflection V7 Load V7 Visualised

1 4.36 mm 0.0038 N/mm? 3.90 mm 0.0053 N/mm? Linear behaviour

2 10.88 mm 0.0075 N/mm?  10.01 mm 0.0096 N/mm? | Initial non-linear
behaviour

3 16.19 mm 0.0086 N/mm? 16.82 mm 0.0122 N/mm?  First big crack V7

4 37.13 mm 0.0105 N/mm?  38.02 mm 0.0168 N/mm?  Failure V6

5 50.67 mm 0.0188 N/mm?  Clear crack
propagation V7

6 57.24 mm 0.0195 N/mm?  Failure V7
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First, the detailed results from model version 6 will be analysed. In Figure 3-9, the plastic strains of the
four steps in model version 6 are shown. Throughout the loading of the model, the plasticity of the
truss-connectors is activated, starting at the edges and slowly moving to the mid-span. However, the
connectors close to the mid-span never reach their elastic limit. It is noteworthy that the truss-
connectors at the edges yield very early during loading, even while the global structure still acts
relatively linear.
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Figure 3-9(a)-(d): Plastic strain of model version 6

In Figure 3-10, the stress of the truss-reinforcement is shown. While the yield strength of the
reinforcement is set at 410 MPa, some results show stresses slightly higher than this limit. This has to
do with calculation-errors that occur in DIANA. Just before failure in Figure 3-10-d, almost all truss-
connectors are stressed to a high degree, with the exception of the middle two connectors, which
have close to no stress. The reason for this is that no longitudinal shear occurs in the mid-span of a
bending beam. From this figure, it seems that the truss-connectors yield, but do not cause immediate
failure.

In Figure 3-11, the concrete stresses are shown. In this figure, the boundaries of the contour plot are
fixed between zero stress and the limit strength of the prestressed concrete. This shows the clear
cracking that spreads through the lower wythe, due to the reduction of the stresses that occur at
midspan in the lower concrete wythe. In Figure 3-11-b, it is also clear that cracking occurs next to the
truss connectors first. Lastly, it can be seen that the top concrete wythe is also being loaded in tension
at the end of the loading process, taking over some of the lost strength of the lower wythe. The full
lower concrete is cracked, causing a much lower strength throughout the entire lower concrete wythe.
The residual strength in the lower concrete wythe is from the reinforcement and prestressing only.
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Figure 3-10(a)-(d): Steel stress in model version 6
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Figure 3-11(a)-(d): Concrete stress of model version 6
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Figure 3-12 shows the concrete cracking. In this figure, only three images are shown as the first step
from Table 3-3 does not contain any cracking. Initially, cracking only occurs in the lowest concrete
wythe. In the later phases, cracking in the top wythe is focused mostly in the midspan and at a
quarter from each edge. Just before failure, cracks are present throughout almost the entire span of
the top wythe. However, the magnitude of the cracks is the largest at a quarter length from the
supports. At midspan, the cracks are relatively small. When looking at the cracking behaviour before
failure, it shows that the protruding cracks are the largest at a quarter length. Because of this, it can
be assumed that failure will occur in this part of the structure.
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Figure 3-12(a)-(c): Concrete cracking of model version 6
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From now on, the results from the final model version 7 are analysed. Figure 3-13 shows the plastic
strains of the reinforcement and truss connectors. It is worth mentioning that the truss connectors
already show slight plasticity at the edges, even before the global behaviour is non-linear.
Additionally, the truss-connectors only show plasticity through the depth of the insulation. The
highest increase in plastic strains is found between Figure 3-13-c and d. While the load does not
increase considerably, the displacement at midspan is more than doubled. It seems the global
displacement of the structure is related to the plastic strains. Lastly, plasticity is present through
almost the same amount of truss connectors compared to version 6. Just before failure, the
longitudinal reinforcement still does not yield. Even after initial large cracking, the steel is still able to
resist the residual force elastically, preventing a brittle failure.
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Figure 3-13(a)-(f): Plastic strain of model version 7
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In Figure 3-14, the concrete stress is visualised, where the limits of the contour plots are between zero
stress and the tensile strength of concrete. Due to the applied prestressing, the initial image shows
close to no tension, even in the lower parts of the lower wythe. When clear non-linearity has occurred
in the load-displacement diagram, it seems the edge of the bottom wythe has reached its limit
strength slightly in the second image. In Figure 3-14-c, two clear cracks are visible due to the reduction
in concrete stress at those points. In the load-displacement diagram in Figure 3-8, the cracks are also
visible by a sudden horizontal line, visualising an instant increase in deflection. These horizontal lines
occur every time a large crack appears in the lower wythe. Accompanying the large cracks in the
bottom wythe, multiple smaller cracks occur in the top wythe. Just before the failure of the structure,
these small cracks have spread almost entirely through half of the floor. Additionally, the concrete
cracks penetrate almost entirely through the lower wythe. It is possible that the occurrence of this
causes failure, as the steel is not able to resist the tension forces anymore.

(a)

XX
(N/mm?)
270
236
202
169
135 (b)
101
067

0.34
000

(0)

(d)

(e)

()

Figure 3-14(a)-(f): Concrete stress in model version 7
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Figure 3-15 shows the concrete cracking throughout the loading of the floor. As the linear visualisation
does not contain any cracking, only five images are shown. In Figure 3-15-b, only very small cracking
occurs, spread across most of the span. It is notable that the cracking increases significantly at each
point where the truss-connectors are connected to the lower reinforcement. Additionally, all large
cracks that are present in the following images also occur next to the truss-connector connection.
While the middle crack is not the first crack that occurs, it is the largest crack just before failure. As
was also visible in Figure 3-14, the cracks in the top layer are much smaller than the cracks in the lower
wythe. Just before failure, the middle crack in the lower wythe increases significantly, visualising a
possible point of failure there.
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Figure 3-15(b-f): Concrete cracking in model version 7
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Discussion

When comparing version 6 and 7 of the FE-model, some similarities and differences can be found.
Firstly, the truss connectors start yielding around the same magnitude of deflection. Additionally,
cracking in the lower wythe starts next to the truss-connectors. However, in version 6, the cracking
behaviour of the lower wythe is significantly different from version 7. Version 6 only shows equally
large cracks over the entire cracking area, while version 7 clearly shows concentrated cracks at certain
points of the span. Next to this, the top wythe shows much more cracking in version 6. This could be
related to the bottom-wythe model of version 6 being less stiff in general. As was realised at a later
stage of the research, the simplified lower concrete wythe did not possess its full resistance, as some
steel reinforcement was not accounted for. Lastly, version 7 requires much more computational time
than version 6, resulting in a computational time of 9o minutes instead of 15 minutes.

Comparing the results from the FE-model to the experimental results, the graph in Figure 3-8 shows
that version 7 has an excellent comparison to the experiment. On top of this, the description of the
experiment-results mention that classical flexural cracking occurred in the tension concrete wythe
(Bush & Stine, 1994), which is also partly present in Figure 3-14 and Figure 3-15. Crushing of concrete
was not included in the FE-model, but it was manually checked if the limit strength was reached. As
shown in Figure 3-16, this was not the case. However, the experiment only mentions yielding and
buckling in the truss connectors after a sufficient load (0.014 MPa), while yielding in the model occurs
almost immediately after loading. Before failure, more truss-connectors have yielded in the model
than was the case in the experiment. Still, no buckling occurred, as imperfections like these are not
included in the FE-model. Additionally, bond-slip is not included in the model, resulting in less
computational time but what might cause a less-accurate model. Another computational-time-saving
element is the application of a 2D-model instead of 3D. Although some aspects in the third direction
cannot be modelled fully correct, “when shear connectors are applied through the height of the panel
only, the deflection of the PCSP obtained using [an] 3D model becomes very close to the response
obtained using 2D model” (Huang & Hamed, 2019).

Nen-Linear Analysis V7 concept 2
Load-step 446, Load-factor 1.2820
Cauchy Total Stresses

min: -28.75N/mm2 men; 7.37N/mm?

Figure 3-16: Crushing strength check M-CF2
Findings

Still, when looking at the global results, it seems that the predictions of the FE-model are well in line
with the experiment. While this is a solid initial confirmation, the FE-model needs to be checked by
more experiments to have a more solid foundation for setting up rules of thumb. Characteristics of
the panels needs to be varied, to ensure that the FE-model can predict a broad spectrum of
experiments. Next to the varying of material-characteristics, a shear-experiment will also be
compared to the FE-model, to check if another form of loading can also be predicted correctly.
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3.2. Checking other experiments to the FE-model
After the initial model with essential non-linearities is set up, it must be checked if the model also
follows the behaviour of other experiments of PCSPs. Due to time- and information-constraints, the
main method of comparison is by load-displacement diagrams.

Other bending elements

Firstly, an experiment from the same research as M-CF2 will be compared to the FE-model, called M-
CF3 (Bush & Stine, 1994). The only difference between these two experiments is that M-CF3 contains
three truss-connectors instead of two. In order to develop the FE-model, model version 7 from Section
3.1 is taken from M-CF2 and the depth of the sheets are edited to the new area that one truss-
connector needs to resist. The new cross-section that is input into DIANA is shown in Figure 3-17.

1 ] 1 ]
| 1 I 1
152 mm 428 mm
T mm ® Conetete [ ] e | [ ] ® Reinforcem ent (86 42 mm)
[
51 mm Insulation | Truss-connector (86,19 mm)
]
76 mm ® Conectete ® L I | ® [ ]
813353 mm

Figure 3-17: Cross-section FE-model M-CF3

The results of this new comparison between model and experiment is shown in Figure 3-18. This figure
shows that the model predicts the behaviour perfectly, with a small difference in the initial linear
response. It is noteworthy that in this experiment, the panel behaves stiffer than a fully composite
floor, which should not be possible. The model is unable to find a solution after an applied load of
around 0.019 N/mm?, which is around 9o% of the maximum load. The displacement has a larger
discrepancy, as the FE-model (45 mm) is only able to displace around 60% of the experiment-
displacement (75 mm). Because the model is loaded in a load-controlled experiment, it is unsure if the
model is able to resist a similar displacement as the experiment at a lower load level. However, as the
experiment-graph is almost horizontal, it can be assumed the model is not far off from the
experiment-results.

In order to gain an initial insight of the effect of certain parameters, the FE-models of both M-CF2 and
M-CF3 are shown in Figure 3-19. It can be clearly seen that the increase of truss connectors resultin a
substantial increase in stiffness through the entire load-displacement diagram. However, both
models still possess the same limit strength. This is logical, as truss-connectors do not necessarily
increase the tensile resistance of the lower concrete wythe, which is the weakest link in this structure.

The results of the FE-model of M-CF3 just before failure is shown in Figure 3-20. This shown a similar
type of behaviour as panel M-CF2, which follows the stated failure mode of the research (Bush & Stine,

1994).
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Load-displacement diagram M-CF3
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Figure 3-18: Load-displacement comparison FE-model (orange) and experiment (green) M-CF3

Load-displacement diagram M-CF2 & M-CF3
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Figure 3-19: Load-displacement comparison model M-CF2 (brown) and M-CF3 (orange)
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Figure 3-20(a-c): Behaviour FE-model just before failure M-CF3: concrete cracking (top), concrete stress (middle) and plastic
strains reinforcement (bottom)
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Additionally, another flexural experiment from a different research was compared to the FE-model.
Salmon et al (1997) tested four panels with both steel and FRP connectors in a flexural test, where
PCSPs were loaded by a distributed load using neoprene airbags. Panel 1 and 2, containing FRP
connectors, have been modelled in DIANA. Both of these panels have identical characteristics and
dimensions. The information of this element can be found in Table 3-4. At the edges until one-third
of the length on both sides, the shear connectors are doubled to a total of 6 truss connectors. Only
the middle third of the span consists of only three truss connectors. Cross-sections of the input in
DIANA is shown in Figure 3-21. An image of the FE-model can be found in Figure 3-22. The upper
image shows the general lay-out of the model, while the lower image shows the mesh lay-out in a
close-up.

Table 3-4: Characteristics of panel 1 and 2 from Salmon et al.

Amount of truss connector rows 3* FRP truss connector diameter 9.5 mMm
Height element 9140 mm FRP truss connector strength 401 MPa
Width element 2440 MM FRP truss connector angle 50°
Thickness concrete wythes 63.5 mm Prestressing diameter 9.5 mMm
Thickness EPS 76.2 mm Prestressing yielding strength 1688 MPa
Elastic modulus steel 200 GPa Prestressing compressive force 369 kN
Elastic modulus FRP 48330 MPa | Strands per concrete wythe 5

Elastic modulus insulation 5 MPa Concrete crushing strength 34 MPa
Steel reinforcement diameter 5.7 mMm Concrete elastic modulus 30540 MPa
Steel reinforcement spacing 152 mm Concrete flexural strength 3.7 MPa
Steel yielding strength 448 MPa
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Figure 3-21: Cross-sections FE-model Panel 1 and 2 of both the middle area (top) and outer areas (bottom)
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Figure 3-22: FE-model of panel 1 and 2 from Salmon et al. (1997)

The results of this comparison can be found in Figure 3-23. As the crushing limit of concrete is not
included, it has been manually checked if this is reached. This can be seen in Figure 3-24, showing that
the limit is not reached. The results of the models just before failure can be found in Figure 3-25. From
these figures, it can be seen that the bottom wythe is fully cracked at midspan. Additionally, the
bottom reinforcement has not reached its plastic limit yet.

The graph shows a perfect comparison to the linear behaviour of panel 1. The stiffness in the non-
linear part of this panel is underestimated. However, the developed FE-model of Huang (2019) also
had difficulties with predicting the behaviour of these experiments, as can be seen on the right figure
in Figure 2-12. Both FE-models show a very similar behaviour to each other. It could be argued that
some elements from the experiment were not considered or miscalculated, causing additional
stiffness in the experiments in comparison to the FE-models. This variation can also be caused by
experimental imperfection (Huang & Hamed, 2019). In an effort to make the FE-model more stiff, the
truss-connectors were modelled as beam-elements instead of trusses. However, this did not change
the result, as was also confirmed by another research (Huang & Hamed, 2019).

Load-displacement diagram Salmon et al. (1997)
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Figure 3-23: Load-displacement diagram of experimental & FE-models from Salmon et al. (1997)
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Figure 3-25(a-c): Panel 1 & 2 in its final loading stage: concrete cracking, concrete stress and steel strains
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PCSPs loaded in shear

Choi et al (2015) tested multiple panels with different parameters on in-plane shear. These panels
were loaded in the system shown in Figure 3-26. The inner concrete wythe is loaded by a pressure
from the top, while the structure is supported at the bottom of the outer concrete wythes. To test the
functionality of all FE-considerations from earlier paragraphs in an in-plane shear-experiment, an FE-
model has been developed to compare to such an experiment. The experiment that was chosen was
panel EPS-A30 from Choi et al. (2015).
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Figure 3-26: Test specimen for in-plane push-out experiment (Choi et al., 2015)

All relevant parameter-information can be found in Table 3-5. Because this research did not compare
the experimental results to a model, not all stiffness-characteristics are given in the report. To still be
able to compare the FE-model and experimental results, practical values for these characteristics have
been estimated on basis of literature. These values are shown in the table in italic (Northwest Foam
Productsinc., n.d.) (Eurocodeapplied.com, n.d.) (Qiu et al., 2018). As it was expected that longitudinal
reinforcement did not have an influence on the behaviour, these elements were not included in the
initial model in order to save computing time. While experimenting with the model, it was clear that
non-linearity for insulation-material was required to acquire more sensible results.

Table 3-5: Characteristics of panel EPS-A30 from Choi et al. (2015)

Parameter Value Parameter Value \
Amount of truss connector rows 2* GFRP truss connector cross- 50 mm?
section area
Height 1200 mm GFRP truss connector strength 424 MPa
Width 600 mm GFRP truss connector angle 45°
Thickness outer concrete 60 mm GFRP elastic modulus 30200 MPa
wythes
Thickness inner concrete wythe 130 mm Concrete crushing strength 30 MPa
Thickness EPS layers 100 mm Concrete tensile strength 2.9 MPa
Insulation elastic modulus 3.5 MPa Concrete elastic modulus 32837 MPa
Insulation tensile strength 0.124 MPa

An image of the FE-model can be found in Figure 3-27. The left image shows the general lay-out of
the model, while the right image shows the mesh lay-out in a close-up.
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Figure 3-27: FE-model of panel EPS-A30 from Choi et al. (2015)

The results from the experiment and FE-model can be found in Figure 3-28. Here, it can be seen that
the FE-model shows very different results than the experiment. A more detailed description of failure
in the experiment can be found in Figure 3-29. Although the FE-model is much more brittle, it does
show a similar behaviour pattern when compared to this figure. The large decrease in strength is
accompanied by the failure of the truss connectors, as can also be seen in Figure 3-30. The second
large reduction comes from the bond strength between the insulation and concrete being exceeded,
as is shown in Figure 3-31. This also follows the experimental behaviour, where the initial decrease of
strength due to the failure of the truss connectors is followed by the shearing of the insulation layer.

There are various uncertainties that could cause the large stiffness- and resistance-differences
between the FE-model and experiment. Firstly, The stiffness of the concrete, insulation and GFRP-
connectors have all been gained from literature not related to the paper. If the stiffness of the GFRP-
connectors in the experiment is lower than the one used in the FE-model, the initial linear response
would be much less stiff. However, the maximum shear strength is not influenced by this stiffness. As
the strength is specifically mentioned in the experimental paper, this input cannot be edited.
Additionally, some aspects like bond-slip between layers or pull-out of connectors is not included in
the model. While an effort has been made to include these in the model, they caused the models to
be dysfunctional. These aspects might cause a different flow of forces, which might cause lower
stiffnesses or earlier failures. In order to understand the large difference of linear behaviour between
experiment and model, more research has to be done on finite element shear-models.
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Load-displacement diagram Choi et al. (2015)
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Figure 3-28: Load-displacement diagram of experimental & FE-models from Choi et al. (2015)
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Figure 3-29: Detailed load-displacement diagram of experiment from Choi et al. (2015)
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Figure 3-30: Steel stresses just before and after the first large decrease in strength
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Figure 3-31: Crack strains before and after second large reduction in strength
Discussion

In all bending experiments, the linear part showed close to perfect results. In one of the three
comparisons, the discrepancy between the FE-model and experiment becomes relatively large in the
non-linear part of the comparison. In general, the linear parts seem to be estimated better than the
non-linear parts. This might be related to experimental variation (Huang & Hamed, 2019), where
stiffnesses and strengths of materials in the same type of panels are different. While only the stiffness
is important in the linear part, the strength also influences the load-displacement diagram in its non-
linear stage. This gives the possibility for more variation in the results.

In the case of the shear experiment, no clear similarities could be found. The differences between
model and experiment are far too large to be caused by experimental variation. In the development
of the shear-model in DIANA, many different aspects were added and modified in an effort to make
the behaviour more similar to the experiment. However, as none of these methods work, it would
seem that the shear-behaviour of PCSPs requires more in-depth research in order to function

properly.
Findings
As the results from the bending FE-models are consistently correct, these will be mainly used to gain
more insight into the interaction and behaviour of the three layers in a PCSP-structure. For the shear-

experiment, too much elements are uncertain, and due to time-constraints, it is decided to not include
this aspect further in this research.

In the next section, DIANA will be used to analyse the behaviour of PCSPs more thoroughly. This will
be split into a linear part and a non-linear part, in order to see what kind of behaviour always occurs,
and how this changes with non-linearity.
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3.3.  Gained insights from the FE-model
Before expressions will be set up for the behaviour of the PCSPs, the FE-model from this chapter will
be used to gain more insight into the detailed behaviour of the PCSPs. Different features of the PCSP
will be analysed, in order to verify certain behaviours along the full span of the PCSP structure.

Linear

Without truss-connectors, the cooperation between both concrete wythes is fully dependent on the
insulation-layer in-between. In the analysis-model, the load is applied on the top layer, while the floor
is supported on its lower edges, as shown in Figure 3-32. From this model, some unique behaviours
were visible.

Figure 3-32: Lay-out of the analysis-model

Firstly, the assumption that plane sections remain straight is invalid in these calculations. As is seen
in Figure 3-33, the insulation layer causes a shift between both concrete wythes. This is also visible
when looking at the shear strains, where a relatively high shear strain can be found in the insulation
layer, both without and with truss connectors, as is shown in Figure 3-34 and Figure 3-35 respectively.
However, the shear strain in the intermediate layer is one hundred times smaller when truss
connectors with large diameters are applied. It could be assumed that the PCSP functions as a fully
composite floor in this case. The shear strains result in shear stresses in the insulation, which transport
these forces to the upper and bottom concrete wythes, resulting in cooperation between the layers.

From the contour plots shown in Figure 3-34 and Figure 3-35, the shear strain pattern along the beam
is the same for both models. This is logical, as the strains are proportional to the beam-angle along
the length, which can be calculated by relatively simple construction mechanics. As such, it can be
assumed that the shear strain pattern along the span length will always stay the same in each PCSP-
floor. This is useful when developing the simplified calculation model.

Figure 3-33: Shift between concrete wythes
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Figure 3-34: Shear strains without truss connectors
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Figure 3-35: Shear strains with truss connectors
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Another feature that was note-worthy, was when the intermediate layer-stiffness got increased. Even
when the intermediate layer only possesses a stiffness that is é of the concrete stiffness (500 N/mm?),

an almost entirely fully composite element is acquired, as shown in Figure 3-36 and Figure 3-37. The
first figure shows a floor with the stiffer intermediate layer, which is still much weaker than the
surrounding concrete. The second figure shows the deflection of a fully concrete floor. It seems that
the stiffness of a solid concrete layer is not required to acquire an almost-fully composite structure.

Figure 3-37: A solid concrete floor

Additionally, it became clear that the upper concrete wythe does not follow the same deflection as
the lower wythe. Firstly, the normal stresses in the span-direction are shown in Figure 3-38, showing
that the bending stresses in the top wythe occur in a much later state than in the lower wythe. When
checking the curvature of both concrete layers, this behaviour is also clear. As shown in Figure 3-40,
the upper concrete layer does not curve as much as the lower layer. Only in the middle half of the
span, both layers curve in a similar way. When applying an extremely high amount of truss
connectors, this deviation seems to disappear. However, it can be seen that the stresses increase in
steps, due to the forces being transported by mainly the truss connectors. This is visible in Figure 3-39.

s dsisiEaainng

U 72 17 171 117

Figure 3-39: Increase of bending stresses due to connection truss connectors
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Figure 3-40: Graph showing curvature of both the lower and upper concrete wythe

Lastly, in Figure 3-41, the vertical strain at the edge of the floor is shown. The sudden increase in strain
in the insulation hints towards the upper wythe not bending as much as the lower wythe. Although
present at a much lower level, the same behaviour is present when applying an extreme high amount
of truss connectors, as shown in Figure 3-42.
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Figure 3-41: Increase of insulation strains at floor-

edge - without Figure 3-42: Increase of insulation strains at floor edge - with
truss connectors

truss connectors

4t



Non-linear

The behaviours discussed at the start of this section are relatively straight-forward in the case of a
linear model. However, when non-linearity is applied, a multitude of difficulties arise when trying to
analyse simple behaviours of the structure. These elements will be discussed here.

Firstly, the cracking of concrete has a large effect on the general behaviour of the structure. Similarly
to the tensile tie model, cracking reduces the bending stiffness of the PCSP. However, in the case of
a PCSP, this reduction works differently than in the case of a solid reinforced bending beam. Because
only one reinforcement bar is present along the thickness of the wythe, the wythe essentially acts
more as a tensile tie than a bending beam. Additionally, the reduced stiffness of this wythe means
that the proportion between the truss-stiffness and wythe-stiffness is increased. These types of
changes in the different proportions of the structure cause a higher composite action, but a lower
“potential” stiffness in the case of a fully composite structure. The rate of actual stiffness-changes due
to concrete cracking in PCSPs has not been analysed yet. Due to the shift of the centre-line of the
PCSP that is caused by cracking, it is also more difficult to calculate the composite factor.

Next to the concrete, the plasticity of the truss-connectors is also an important factor to the general
behaviour and level of composite action of the structure. As mentioned before, the strain of the
intermediate layer is dependent on the angle of the beam. As such, this means that the highest
stresses occur at the edges of the beams. This can also be seen in Figure 3-13 from Section 3.1, where
the truss-connectors at the edges show plasticity very early in the loading-scheme. In Figure 3-43, a
graph of the truss-stresses can be found along the length of the beam. Although the angle of the beam
varies over the entire span, the stresses are almost identical, with the exception of the two trusses
closest to midspan. While the angle —and as such the shear strain —increases, the reaction force stays
the same. This means that the effective stiffness of the steel trusses is reduced along the span of the
beam when a certain level of load is applied. As this reduces the stiffness of the intermediate layer at
the edges, the composite action is reduced. It is expected that this behaviour is the initial cause for
non-linearity in PCSPs. However, the rate of reduction of composite-action due to this plastic
behaviour is still unknown at the moment.
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Figure 3-43: Truss-connector stresses along the span of the beam
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3.4. Parameter-study of FE-model
In order to get a general idea how different parameters influence ‘ Strain
the composite factor, a set of results are gathered from the FE- R
model. For linear calculations of PCSPs, the essential parameter is
the so-called composite factor. This composite factor shows the e i,
level of cooperation between the different layers. The formula for a) Fully Composite
this factor is as follows: ‘ Strain

Wreal — Wnon
CF =———

Wruit — Wnon

Where: b) Non-Composite

Wreqr: The deflection of the actual PCSP (gained from a model or
experiment, see Figure 3-44¢)

Wnon: Thedeflection, assumingall layers behave independently of RO . Y|
each other (see Figure 3-44b) c) Partially Composite

Wryy:  The deflection, assuming all layers behave as one unit (see  Figure 3-44: Different types of
. composite action (Salmon et al.,
Figure 3-44a)

1997)
Initially, models are tested without use of truss-connectors. Three main parameters have been varied
in DIANA to check the change of composite factor:

- Span length: 4000 — 7200 mm (in steps of 800 mm)
- Concrete thickness: 60 — 140 mm (in steps of 20 mm)
- Insulation thickness: 40 — 8o mm (in steps of 20 mm)

The variations of these parameters are based on practical values that have been found in experiments,
combined with the preferred PCSP-design of the Reinbouw project of Lievense | WSP. Different
combinations have been modelled, in order to find both the individual effects of these parameters
and the dependence of these parameters on each other. As mentioned before, in order to prevent the
two concrete wythes to behave differently from each other, tyings have been applied at the edges of
the structure, that keep the deflection of both wythes the same.

In Figure 3-45 and Figure 3-46, the composite factor is plotted over the varied span length and
concrete thickness respectively. In both graphs, the parameter that is not varied along the x-axis, is
visualised with multiple lines in each graph. From these figures, it is clear that an increase of span will
result in an increase of the composite action. This increase seems to be non-linear, as the composite
effect increase is reduced at higher spans. Additionally, it can be concluded that an increase in
concrete thickness decreases the composite factor. This change also seems to be non-linear.
Observing the differences between each lines in the same graph, it seems like both of these
parameters behave independently on each other, where the increase of one parameter does not
increase the effect on the composite factor on the other parameter.
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Figure 3-45: Composite factor varied over the span length
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Figure 3-46: Composite factor varied over the concrete thickness

Figure 3-47 shows the effect of the insulation on the composite action. In a similar fashion as the last
two figures, the multiple lines show different parameters that are not varied along the x-axis. In this
case, these are combinations of span length and concrete thickness. In general, the insulation causes
a decrease in composite factor. When checking the different graph-lines, it can also be observed that
designs with a higher concrete thickness result in a higher effect of the insulation on the composite
factor. When using concrete thicknesses of 60 mm, a decrease of only 0.02 composite factor is
observed. In the case of 140 mm thickness, this increases to a 0.07 reduction when changing the
insulation from 40 to 8o mm. These results show that the effect of insulation on the composite factor
is dependent on concrete thickness. This is not unexpected, as the interaction between the
intermediate and concrete layer form the basis for the level of composite action.
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Figure 3-47: Composite factor varied over the insulation thickness

When truss-connectors are applied, the floor-design from
Hamed (2018) has been replicated and the results from his model
were compared. These showed a perfect comparison, as shown
in Figure 3-48.

From these results, it can already be seen that a fully composite
structure is very difficult to acquire. The steep increase in
composite-action with thinner diameter-bars is the important
part, as this is the area when floors will be designed in for the
most part. As such, three different designs from Figure 3-47 have
been modelled with the application of truss-connectors, and can
be found in Figure 3-49. Here, a clear difference in this part of the
behaviour can be found, even when the model without truss-
connectors shown relatively similar results. It seems that the
varied parameters have an influence on the rate of increase of
composite action. The mathematical model that is developed in
the next paragraph will try to calculate this influence.
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Figure 3-48: Effect of truss connectors,
from both Hamed (2018) and the
DIANA-model

Figure 3-49: Composite factor when truss connectors are applied (Span/concrete
thickness/insulation thickness)
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Findings

For the linear analysis, it seems that most behaviours are relatively clear and simple. One of the only
behaviours that is more difficult to predict is the compression of the insulation layers at the edges, as
this causes a difference between the behaviour in both concrete wythes. For the non-linear analysis,
a lot of the simple behaviours that can be assumed or estimated in the linear analysis are not valid
anymore. As such, it is very difficult to predict this behaviour with a simplified model, without any
foundation to build this complicated model on.

For the development of a simple prediction model, it is decided to only focus on the linear aspect of
the floors. The reasoning for this is that the non-linear part is only a small fraction of the total
resistance of the structure. Additionally, the non-linear part causes the development of the prediction
model to be significantly more difficult. The only feature that is hard to predict for the linear model is
the compression of the insulation at the edges. As such, the FE-model will make use of tyings to
prevent this type of displacement, so that the analytical prediction model does not have to take this
into account when comparing this model to the FE-model.

With regards to the parameter study, it can be seen that the concrete thickness and span length
influence the composite behaviour the most when truss connectors are not applied. Increasing the
concrete thickness of the PCSPs from 60 to 140 mm would decrease the composite factor for a value
of around 0.28. Increasing the span length from 4000 to 8000 mm would increase the composite
factor for around 0.31. The effect of increasing the insulation thickness from 40 to 8o mm depends on
the concrete thickness, where the reduction of the composite factor is 0.02 and 0.06 for a concrete
thickness of 60 and 140 mm respectively. When truss-connectors are applied, most PCSP-designs will
possess a composite factor of above 0.95 when 12 mm diameter bars are being used every 8oo mm.
However, when concrete wythes with a thickness of 140 mm or higher are being used, the increase in
composite-action due to the application of trusses decreases significantly. When 140 mm wythes are
used instead of 60 mm, the composite factor is reduced from 0.96 to 0.91.
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4. Analytical prediction model
In this chapter, an easy-to-use analytical model is developed. Firstly, the theoretical background that
is used to develop this analytical model is explained. In this section, the calculation-method of the
analytical model is also explained, where assumptions and the most important calculations are the
main focus. Afterwards, the results of the comparison between the analytical and linear FE-model are
shown. A view of the analytical model can be found in Appendix o.

4.1.  Theoretical background of analytical model
Multiple different methods have been used to find a working analytical model to predict the behaviour
of PCSPs. Although some methods were not showing correct results, the insights and thought-
processes behind these methods were important for the development of the model. This
development-process and the final version of the analytical model are explained here.

In order to be able to make a simplified calculation of PCSPs, the structure must be simplified into a
mechanics-model. The initial mechanics model is shown in Figure 4-1, and makes use of the following
considerations:

- Both concrete wythes are pure bending beams:
» No axial displacement is present (EA = o0)
» No shear displacement is present (G, = o)
- Intermediate layer does not compress in vertical direction
» Meaning that both concrete floors bend identical (parallel/symmetrical model)

, q[N/mm]
| ]

I El [NmmZ2]
&

Figure 4-1: Initial mechanical model PCSP

In this model, the intermediate layer is replaced by horizontal springs, that are put between the two
concrete wythes. In the initial model, it is assumed that these springs have a reactionary bending
moment on both concrete wythes. To work further with this model, the strains and stiffnesses of the
intermediate layer needs to be calculated.

When calculating the strains of the intermediate layer, a non-composite floor is initially assumed and
loaded by a distributed load as shown in Figure 4-2. All layers are not connected to each other in any
way, causing an identical beam-angle over all layers in the entire span. When zooming in at the edge,
this beam angle can be used to find the difference in axial displacement between the different layers.
In Figure 4-2, the distance between the top concrete wythe and insulation layer at location x is
calculated as follows:

1
Aux,t,max(x) = E (tc +t) * p(x) (1)
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Where:
AUy ¢ max(x): Distance between top
concrete- and insulation-layer at location
x [mm]

t.: Thickness of concrete layer [mm]
t;: Thickness of insulation layer [mm]
@(x): Beam angle at location x [rad]

Now that the difference in axial
displacement is determined, a situation is
now assumed where the intermediate
layer is fully connected to the concrete
wythe. A visualisation is shown in Figure
4-3. In all sensible designs for PCSPs, the
intermediate layer will possess a
significantly  lower  shear  stiffness
compared to the concrete wythes. Thus, it
is assumed that all shear strain caused by
this difference in axial displacement is
present in the intermediate layer. This
results is the following calculation for the
shear strain of the intermediate layer:

Au, (x) t;+t
Vo) =—F—— ="+ ()
zt ‘
Where:

Yxy(X): Shear strain of interm. layer [-]

Only half of the insulation-thickness is
used, as Au,, only includes the top
concrete wythe.

Now, the response for this intermediate
layer must be calculated. In the case where
no truss-connectors would be applied, the
calculation would be very straight-forward:

E ins

Ginter = 20+v) 3)

Where:
G inier: Shear modulus of the intermediate
layer [N/mm?]

AN
Auy

Figure 4-2: Initial non-composite assumption and determination of
difference of axial displacement

E,s: Elastic modulus of the insulation-layer  Figure 4-3: Partially-composite behaviour of PCSPs and

[N/mm?]

v: Poisson ratio of the material [-]

determination of shear strain intermediate layer
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However, as truss-connectors are always applied when PCSPs are load-bearing, an additional
calculation has to be done to determine the total stiffness of the intermediate layer.

In this calculation, the stiffness of the truss-connectors are translated into an increased stiffness of
the intermediate layer. A visualisation showing this translation is given in Figure 4-4. Some parts of
the truss-connectors are not activated due to the difference in axial displacement, as these truss-
connectors are present in the concrete part of the PCSP. In the figure, these parts are visualised by
the blue striped line. The solid red line shows the part of the truss-connectors that do increase the
stiffness of this intermediate layer. Only this red part has to be included in the model, and will be used
to calculate the fictitious stiffness of the intermediate layer.
I I | 1

W
| \Activatedtruss/ | E, 1 I

Figure 4-4: Translation of truss-connectors to increased intermediate layer-stiffness

For this calculation, some assumptions are made. Firstly, it is assumed that the truss-connectors are
always applied from and to the centre-line of the concrete wythes. Additionally, the angle in which
the truss-connectors are applied is fixed at 45°. Lastly, the angle of the truss-connectors is not taken
into account when calculating the stiffness of these elements. These assumptions are done to not add
too much variables to the analytical model. As such, the calculation of the intermediate layer-stiffness
is done as follows:

1 2
Ag =Z*ds *T (4)
EAs = Es x4 > (ti + tc) )

Where:
Ag: Cross-sectional area of truss-connector [mm?]

d,: Diameter of truss-connector [mm]
EAj: Fictitious axial stiffness of truss-connector [N]
E: Elastic modulus of truss-connector [N/mm?]

For these calculations, the centre-to-centre distance of the truss-connectors is assumed to be equal
to the width of the floor. As such, the cross-sectional area of the truss-connectors must be spread over
this entire width:
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(6)

Where:
E: Fictitious elastic modulus of truss-connector [N/mm?]

b: Centre-to-centre distance of truss-connectors [mm]

From this calculation, the two stiffnesses can be summed and finally calculated to the elastic shear
stiffness:

Einter = Eins + E; (7)

E' t
Ginter = ﬁ (8)

Where:
E inter: Elastic modulus of intermediate layer [N/mm?]

Now that the shear strain and stiffness are known from Equation (2) and (8) respectively, the reaction
force over the span length can be determined:

_ (ti + tc)

nxy(x) = ny(x) * Ginger * b = * Ginger * @(x) * b 9

i
Where:
N, (x): Shear force of intermediate layer at location x [N/mm]

For the initial analytical model, it was assumed that the reaction force at the concrete edge caused a
reactionary bending moment in the concrete wythes, adding up to the total bending stiffness. This is
also visualised in Figure 4-5. As such, the additional composite bending moment in the concrete
wythes is equal to:

1
A7'ncomp =MNyy * Etc (10)

Am oyt Additional moment in concrete wythe due to composite-effect [Nmm]

Now, equations can be set up to be used in an analytical model in Maple. Given this model, an
Ordinary Differential Equation (ODE) can be set-up and solved to find a displacement field. The
equations and ODE are as follows:

Kinematic equations: q(x)

dw _do |

¢ = T dx = dx
Constitutive equation: ™ M+ dM

M =FEIl xk

Equilibrium equations: V| PRV ww)
av M U ke " (X)
w1 Tkt
X
ODE: Figure 4-5: Small-element determination of initial model
d*w d?w
Bl gur ~Herr guz =4
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Where:
¢@: Beam angle at location x [-]

w: Beam deflection at location x [mm]

K: Beam curvature at location x [mm™]

M: Moment in individual concrete wythe at location x [Nmm]
EI: Rotational stiffness of individual concrete wythe [Nmm?]
V: Shear force in individual concrete wythe at location x [N]
q: Distributed load over beam [N/mm]

ti+tc> 1

keff:Ginter*b*< t, *Etc

k.ss: Effective stiffness of the intermediate layer [N]

This model has been put into calculation-software Maple, in order to find the displacement field, and
compare the results to FE-models. Initially, some results without truss connectors seemed promising.
However, the application of truss-connectors resulted in the analytical model to heavily over-estimate
the stiffness of the PCSP, to the point where these models were much stiffer than a fully composite
floor. When checking the applied forces on the concrete wythes, it seemed that the additional axial
forces would cause the wythes to significantly compress in the axial direction. As such, it can be
assumed that the axial displacement needs to be accounted for in the analytical model.

The updated mechanical model is shown in Figure 4-6. The same considerations as the initial model
hold, although now axial displacements of the individual wythes is included. On top of this change, it
was considered that it was easier to work with the reaction-force from the intermediate layer if it was
modelled as a force instead of a bending moment.

s o [N/mm]
| ]

El [Nmm?]
EA [N]

A

Figure 4-6: Updated mechanical model, including axial compression

This change of the mechanical model also changes the method of calculating the shear strain in the
intermediate layer. The axial displacement of the individual concrete wythes reduces the total
difference of the axial displacement between the concrete wythes and the intermediate layer. An
adjusted version of Figure 4-2 is given in Figure 4-7. For visualisation purposes, the intermediate layer
is not connected to the concrete wythe. In reality, the intermediate layer is connected to the edge of
the concrete, and is the cause for the forces that cause an axial displacement in the individual concrete
wythes u, ; and u, ;. As such, the actual difference of the axial displacement between the layers can
be calculated as follows:

Aux,t,act = Aux,t,max — Uyt (1 1)
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Where:
AU,y oce: Actual difference of axial displacement between top concrete wythe and intermediate layer
[mm]

u, ,: Axial displacement of the top concrete wythe due to the response of the intermediate layer [mm]

S

bt
Jﬂlu:r.r‘,:r:m.\'

A

Ay ¢ act

Figure 4-7: Change in determination of difference of axial displacement, by adding axial displacement of individual concrete
wythes

The magnitude of the axial displacement in the individual concrete wythes depends on the stiffness
of the intermediate layer. Different methods were developed to include this behaviour in a Maple
model, but none were successful. When the reduction-effect was included in the equations, this
caused the solution of the ODE to contain imaginary numbers. As such, it was decided to change the
approach from ODEs and Maple to an analytical model developed in Microsoft Excel.

In the developed Excel-model, a calculation-process is followed to determine the composite factor of
the PCSP-design set as input. This process, only including the most important calculation-steps, is
shown in Figure 4-8. Although some values are based on estimations from structural mechanics called
“forget-me-nots” or via other simplified methods, the determination of the actual difference between
the axial displacement is relatively complicated. Both the simplified and complicated equations will
be explained.

Before the different calculation-methods can be explained, some global assumptions and
considerations have to be mentioned. Firstly, the analytical model in Excel is developed as a
deflection-controlled model. This means that the assumed deflection of the PCSP is fixed for the
entire calculation, while the additional response due to the intermediate layer is calculated
afterwards. Additionally, even though the PCSP-structure is only partially-composite, it is assumed
that the floor possesses a constant bending stiffness over the entire length. With this assumption, the
forget-me-nots can be used to calculate certain parameters with simple expressions.

Initial input

In order for the model to function, some input is required from the user. This input covers the
dimensions and stiffnesses of all applied materials. On top of this, the applied load is also required to
set an initial assumed deflection in the model.
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Starting values

To start off the calculation, an initial
deflection at midspan is assumed
based on the load, as well as the
deflection-values for a fully- and non-
composite structure of the same
dimensions, as calculated with Figure
4-9. Initially, a composite factor of 0.5
is assumed, taking the mean of both deflections. This deflection at mid-span is then used to calculate
the other two starting values using forget-me-nots: the distributed load for one concrete wythe and
the angle at the edge of the beam. The distributed load at the edge is used to determine the bending
moment-part of the individual concrete beams. The angle at the edge of the beam is used to calculate
the maximum potential difference between the axial displacements between the layers. This is the
parameter that will be used in the next part.

1 q" 5 1//:
. ) ==

6 LY
© 24 El 384 LI

Figure 4-9: Forget-me-nots for a simply supported beam with a distributed
load

Difference between axial displacements

Based on the beam-angle at the edge, the maximum potential difference between axial
displacements between layers can be determined, as shown in Figure 4-2. However, as axial
displacement of the individual concrete wythes is included in this calculation, the actual difference is
lower than this maximum value. The method for calculating this value is explained in this part.

Essentially, two extremes can be calculated:

- When the entire difference in /\//\

axial displacement is
accounted for in the
intermediate layer (Giprer < AT
Ec) Aux,rH
- When the entire difference in
axial displacement is

accounted for in the concrete

Uy, J
|ayel' (Ginter > EC) t ‘N—/\

These situations are also visualised in
Figure 4-10. In both extreme
situations, the maximum potential
difference Aux,t,max is equal to the Figure 4-10: The two extremes in calculating the actual difference in axial
value measures in each extreme displacement between the PCSP-layers

situation.

AT

In reality, the answer lies somewhere in-between, where the difference in axial displacement is
accounted for by both layers partially. However, these extremes can be used to calculate the actual
difference in axial displacement. When, for example, the situation is assumed where the axial
displacement is fully accounted for in the intermediate layer, it can be said that the concrete layer is
not strained at all. If no strain occurs, the resulting axial force in those elements is zero. The same can
be said for the other way around. At the same time, if it is assumed that the intermediate layer fully
accounts for the strain, this full strain can be used to calculate the maximum response of the
intermediate layer due to the difference in axial displacement. A graph showing this calculation
method is shown in Figure 4-11.
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Figure 4-11: Explanation of the calculation-method of the actual difference between axial displacements

Now that the method of finding the actual difference between axial displacements is found, these
extreme values must be calculated.

For the determination of these extreme values, | | .
some estimations are done. These estimations
are based on the previously-developed Maple- —> = =
and FE-model, that were still useful with the 2= = =
goal to find estimations based on given
R < <

parameters. Throughout this calculation, it is e = =
also assumed that the response from the
intermediate layer is immediately loaded onto ! ! ! !
the centre-line of the concrete wythe, as shown - ' ' ’
in Figure 4-12. As such, the response from the

Figure 4-12: Realistic interaction between intermediate layer
and concrete (left) and assumed behaviour (right)
intermediate layer results solely in an axial

displacement.

For the calculation of the maximum response of the concrete layer, the following valid estimate was
found in Maple between the axial displacement at the outer edge and the strain at mid-span:

u
smz?;*%dw (12)

Where:
&q: Axial strain of concrete wythe at midspan [-]

Uy edge: Axial displacement of concrete wythe at edge [mm]
l: Span length of beam [mm]

As the axial displacement at the edge is the variable of this calculation, and the strain at midspan is
useful to find the total maximum response of the concrete layer, this is a perfect equation to use for
this calculation. As such, the total maximum response from the concrete layer is as follows:

Aux,t,max

Nc,maxzs*f*Ec*b*tc (13)
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t. +t;
Aux,tf,max == 2 L% @ (14)

Where:
N ¢ max: Maximum possible axial response from the concrete wythe [N]

AUy ¢ 1max: Maximum difference in axial displacement between the bottom edge of the concrete layer
and the top edge of the intermediate layer [mm]

E: Elastic modulus of concrete layer [N/mm?]

When calculating the maximum response of the intermediate layer, a similar estimate was found
using the FE-model in DIANA. When plotting the shear strain of the intermediate layer over the span
length as shown in Figure 4-13, it can be seen that the strain is not behaving linear over the span
length. As an intermediate solution, the mean has been calculated over the full span, which is equal
to o0.57 of the value at the edge of the beam. As such, the total maximum response from the
intermediate layer is as follows:

Au l
Ninter,max = 0.57 Ginter * % * b *— (15)

2
2t

Where:
Ninter max: Maximum possible shear response from the intermediate layer [N]

Ginter: is the elastic shear stiffness of the intermediate layer and calculated following Equation 4 to 8
[N/mm?]

Shear strain of intermediate layer over span length
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0,02
0,01
O
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-0,05
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Figure 4-13: Shear strain of the intermediate layer over the span length of a FE-model

Finally, in order to find the actual difference between the axial displacements of the PCSP-layers,
the following equation can be solved, to find the value which is shown with the green line in Figure
4-11:

N c,max

Aux,t,act = * Aux,t,max (16)

Nc,max + Ninter,max

Where:
AU, 4 oce: Actual difference of axial displacements of concrete wythe and intermediate layer [mm]
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Finding the total axial force

Now that the actual difference of axial displacements at the edge is found, the next step is to find the
total axial force that is present in the concrete wythes. The shear-strain at the edge is calculated by
dividing Au, ¢ 4.+ over the thickness of the intermediate layer as shown in Equation 2. Then, the
assumption from Figure 4-13 is used to find the mean shear-strain over the entire length of the beam.
From here, the stress and the total axial force can easily be calculated using Equation 15 and simple
mechanics-rules.

Determining the total bending moment and composite factor

Combining the individual bending moments from the
initial steps of the calculation, together with the couple of

axial forces from the wythes as shown in Figure 4-14, the ‘ (
total bending moment can be determined.
Using the equation M = %ql, this bending moment can be

translated back into a distributed load. This distributed - c b
load is then again used to find the mid-span deflection for

a fully-composite and non-composite assumption using Mg
the forget-me-nots from Figure 4-9. The initially assumed

- ) ) Figure 4-14: Schematisation showing combination
deﬂect|0n IS Compared to these values to f|nd the offnd/'\/[dua[ moments andcomposite moment

composite factor as follows:

Wqoe — W,
CF = as non (17)
Wrutl — Wnon

Where:
CF: Composite factor of the designed PCSP [-]
W, Assumed deflection at mid-span at the start of the calculation [mm]

Wyon: Deflection at mid-span assuming a non-composite structure, loaded by the newly-calculated
distributed load [mm]

W syi: Deflection at mid-span assuming a fully-composite structure, loaded by the newly-calculated
distributed load [mm]

60



4.2.  Comparison-results between analytical- and FE-model

With the calculation-steps mentioned above, the behaviour can be correctly calculated. All
comparisons have shown almost perfect results. In Figure 4-15, comparisons between many different
designs without truss-connectors can be found. In all of these comparisons, the maximum error
between the mathematical- and FE-model is only a composite factor-difference of 0.02. When truss
connectors are applied, the mathematical model from Excel still shows a perfect comparison with the
FE-model as shown in Figure 4-16. The different designs compared in this figure are the same as
Figure 3-49, which each show a clear different behaviour per design. As the analytical model is able to
fully predict the linear behaviour of PCSPs, this Excel-file is edited and cleaned up, so that practical
use is easier. This updated model can be found and is explained in Appendix o.

Because the analytical model perfectly follows the behaviour of the linear FE-model, the conclusions
about the influence of certain parameters on the composite factor at the end of Section 3.4 are also
still valid here to the exact same extent. However, the knowledge-requirements for this analytical
model are much lower than in the case of the FE-model. As such, this model can be used very broadly
by people without much in-depth knowledge about the behaviours of these types of floors. On top of
this, results from this model are acquired much quicker. Even in the case of a linear FE-model, a
calculation still takes some seconds to fully finish. The analytical Excel model immediately shows you
the results.
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Design set #1:t_c =60 mm
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Figure 4-15: Comparison between mathematical- and FE-model: no trusses
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Truss-design #1: Span = 4000, t_c = 60, t_i = 40 [mm]
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Truss-design #3: Span = 7200, t_c =140, t_i = 40 mm
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Figure 4-16: Comparison between mathematical- and FE-model: trusses
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4.3. Discussion on influence of main input-parameters

As mentioned in Section 4.2, as the FE-model and analytical model behave almost identical, the
insights gained from the FE-model are also applicable to the analytical model: Increasing the concrete
thickness of the PCSPs from 60 to 140 mm would decrease the composite factor for a value of around
0.28. Increasing the span length from 4000 to 8000 mm would increase the composite factor for
around 0.31. The effect of increasing the insulation thickness from 40 to 80 mm depends on the
concrete thickness, where the reduction of the composite factor is 0.02 and 0.06 for a concrete
thickness of 60 and 140 mm respectively. When truss-connectors are applied, most PCSP-designs will
possess a composite factor of above 0.95 when 12 mm diameter bars are being used every 8oo mm.
However, when concrete wythes with a thickness of 140 mm or higher are being used, the increase in
composite-action due to the application of trusses decreases significantly, causing a decrease in
composite factor from 0.96 to 0.91 compared to when 140 mm and 60 mm wythes are used
respectively.

Next to the composite factor, additional output is given by the analytical model in the form of
stresses. The influence of the main parameters on these stresses has been analysed. A fixed design
was developed of which the values can be found in Figure 4-17, where the following parameters were
varied:

- Concrete thickness: 60 mm - 140 mm
- Span length: 4000 MM - 8000 mm
- Diameter truss-connector: omm - 30mm

CALCULATION-INPUT

Span length: 5600 mm Truss diameter: 4lmm
Width (c.t.c.): 800|mm Truss stiffness: 200000 |N/mmA2
Concrete thickness: 100|mm

Insulation thickness: 40|(mm Applied load: N/mm
Concrete stiffness: 31000|N/mm~2

Insulation stiffness: 5(N/mm#a2

Figure 4-17: Fixed design for parameter-study of analytical model

This means that if the concrete thickness is varied from 60 to 140 mm, the span length and truss-
diameter are fixed at 5600 mm and 4 mm respectively. For each of these varied parameters, three
different outputs are visualised:

- The concrete stress at the bottom edge of the lower concrete wythe;
- The concrete stress at the bottom edge of the upper concrete wythe;
- The truss-connector stress at the edge of the beam.”

The results when the concrete thickness is varied can be found in Figure 4-18. Because increasing the
concrete thickness also increases the bending stiffness of the individual wythes, the stress of the
bottom edge of the lower concrete wythe is reduced as seen in Figure 4-18a. As is known from
previous insights, increasing the concrete thickness lowers the composite factor. This is also present
in Figure 4-18b, where the stress from the bottom edge of the upper wythe changes sign, resulting in
a tension-stress in this wythe. With high composite factors, the entire upper wythe would be in
compression. When analysing Figure 4-18¢, it can be seen that the stress in the truss-connectors is
reduced linearly. This is related to the reduction of the composite factor: if the cooperation between
both concrete layers is reduced, less loads are required to be transferred by the truss-connectors to
the individual wythes.

64



Concrete stress at bottom Concrete stress at bottom
b)
edge of lower wythe edge of upper wythe

2

[y
S,

L5

R
o

Concrete stress [N/mm?]
(9]
Concrete stress [N/mm?]

1

0,5

o

50 70 90 110 130 150 o5 50 70 90 110 130 150

Concrete thickness [mm] Concrete thickness [mm)]

Truss-connector stress at edge of
beam

@)
~

2000
1500
1000

500

Truss-connctors stress
[N/mm?]

50 70 90 110 130 150

Concrete thickness [mm]

Figure 4-18(a-c): The concrete stresses at the bottom edges of both concrete wythes and the truss-connector stress at the edge
of the beam when the concrete thickness is varied

In Figure 4-19, the results are shown for when the span length in varied. As the bending moment at
midspan is basedon M = %qlz, the concrete stress at the outer edges would increase quadratically in

the case of a solid element. However, as can be seen in Figure 4-19a, doubling the span length only
increases tensile stress at the outer edge of the PCSP by a factor of around 3. This is caused by the
increase of the composite factor, reducing the required individual bending of the wythes. This can also
be seen in Figure 4-19b, where the stresses in the inner edge of the concrete wythes is reduced when
increasing the span length. This hints towards the fact that the added compression force due to the
composite effect is higher than the added tension force due to the higher present bending moment.
Because both the bending moment at midspan and the composite factor increase when the span
length is increased, the stress in the truss-connectors also increase, as can be seen in Figure 4-19c.

Figure 4-20 shows the stresses in concrete and truss-connectors when the diameter of the truss-
connectors increase. All of these figures show a clear presence of an asymptote. The asymptotes of
Figure 4-20b and Figure 4-20c are in line in a fully composite structure, where the strains are linear
through the thickness of the structure. The decrease of the truss-connector stress in Figure 4-20c is
logical, as an increase of cross-section area will reduce the total stress on such an element. However,
this reduction is not as steep as it would be in a conventional design: an increase of truss-connector
diameter increases the composite factor, which in turn increases the force that is required to travel
through this intermediate layer. As such, the truss-connector stress is not exactly inversely
proportional to the square of the truss-connector diameter.

The analytical model and its gained insights can be used for the Reinbouw project of Lievense | WSP.
However, a more detailed analysis of this project must be done first before the model can be used.
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Figure 4-19(a-c): The concrete stresses at the bottom edges of both concrete wythes and the truss-connector stress at the
edge of the beam when the span length is varied
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Figure 4-20(a-c): The concrete stresses at the bottom edges of both concrete wythes and the truss-connector stress at the edge
of the beam when the truss-connector diameter is varied
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5. Case study Lievense | WSP

5.1. Determination of flow of forces in design
As mentioned in Section 1.1 and 2.1, many unusual forces act on the completely prefabricated
building. In order to understand what type of forces will be applied to the floor-elements, an analysis
of the flow of forces is done on the entire structure. This is also useful, as insight will be gained on
where the bottlenecks of the structure are. The case study assumed the concept to have five
apartment-units in width, five apartment-units in height, with an additional ground floor for a
shopping area underneath.

While most forces have identical flow of forces — for example, permanent and variable load on floors
— some other loads in the same direction are applied differently, as is the case with wind-load and
skewness of the columns. The different applied forces are as follows:

- Allvertical loads

- Horizontal skew load
- Horizontal wind load
- Balcony forces

Vertical load

A top-view of the building is shown in Figure 5-1. In this figure, arrows are drawn to show the flow of
forces from the floors to the load-bearing walls. In the case of the unit-elements, the floors function
as a two-way slab (green), as the floors are connected to relatively stiff walls along the span. All other
floors are considered as a one-way slab (orange), where loads are directly transferred to the walls at
the supports. The only exception is the gallery-floor, where the floor-loads are transferred to a steel
beam, which in turn transfers it to both the (lower) steel columns and (upper) timber walls (yellow).

Figure 5-1: Flow of forces horizontal loads top-view

A side-view of the lower part of the building is visualised in Figure 5-2. From the walls, the forces have
to be transferred through the ground floor-columns to the foundation (orange). On top of that, there
are also permanent loads from the walls in the long direction of the building (yellow). While some of
the forces can be directly transferred to the columns and foundation, most loads must be transferred
through the lower beam by means of shear forces. From the columns in this figure (green), the loads
are transferred to foundation piles. This complete flow of forces already shows initial insight into
which pile-foundations require the largest stiffness to result in an equal sagging, as most of the loads
will flow to the middle column. When the quantitative loads have been calculated, a more detailed
foundation lay-out can be set-up.
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Figure 5-2: Flow of forces horizontal loads side-view
Horizontal skew load

Due to imperfections, walls will never be placed entirely straight. However, this skewness can result
in forces in the horizontal direction, as the compression forces in the walls will also push sideways.
These forces will be immediately transferred to the floors and result in a horizontal deflection.

When looking at the top view of the ground floor shown in Figure 5-3, it can be seen that there are
only three stability walls that protrude through the entire structure. Thus, all horizontal forces have
to be transferred to these walls, as columns are not able to resist them. This is done by the floor-
elements. However, the connection between intermediate floors is present in the top concrete
wythes, while connections next to walls are present in the bottom wythe. This results in these
horizontal loads to penetrate through the entire PCSP element, generating shear forces.

After the forces have been transferred to from the floor-elements to the walls, the walls shown in
Figure 5-3 will resist the structure by a diaphragm-action, whereby the forces are transferred to the
ground.

S S S S

Figure 5-3: Diaphragm walls on ground floor
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Horizontal wind load

When the wind blows against any of the sides of the structure, it is assumed the diaphragm effect of
all walls will ensure that the apartment-floors will move as one unit. However, the bottleneck in the
case of wind on the short direction can be seen in Figure 5-4. The unit-elements possess the only fixed
wall in the structure, which in turn has openings for doors. This will result in very high shear stresses
above the door-parts.

Afterwards, to resist the horizontal forces and deflection from the apartment-building, the same
transfer is required as mentioned in the last section and Figure 5-3.

Figure 5-4: Structural bottlenecks during wind in short direction
Balcony forces

The loads present in the balcony cause both a vertical force that are resisted by the surrounding load-
bearing walls like in Figure 5-2, and a moment that is resisted by the floor. The latter results in
additional shear forces in the PCSPs.

Conclusion

The analysis from this section is required to gain insight in the global behaviour of the structure. Based
on these flows of forces, the horizontal and vertical forces can be analysed. Due to complexity and
time-restraints, the balcony forces will not be included in this global calculation.

Firstly, the vertical forces are determined by hand-calculations and Excel, and the required pile-
foundations are found using Technosoft. These pile-foundations possess a certain relative moment-
stiffness, which are important for the determination of the shear forces that protrude through the
PCSPs. These are also calculated by hand-calculations. Lastly, the hand-calculations will be compared
to a model made in SCIA, to check if initial assumptions like the rigid movement of the structure was
correct.
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5.2. Design of pile-foundation and determination wind-loads
In order to be able to apply the FE-model and potential simplified expressions to the Reinbouw project
of Lievense, it must be known how the floor-elements will be loaded in the project. This section
explains all calculations that have been done to determine the pile-foundations and shear-forces due
to the wind-load, and the final results of these calculations. The full calculation procedure can be
found in Appendix B. These calculations have been done under supervision of Lievense | WSP.

Determination of self-weight and design of pile-foundation

To start off the calculation, loads due to self-weight are determined. All self-weights are loaded on a
simplified “beam”-structure, in the short direction of the structure. This “beam” includes the entire
cross-section of the building, which means that the height of the fictitious beam is equal to the full
height of all walls combined. Based on Figure 5-2, the self-weights are loaded on the beam as given
in Figure 5-5. As can be seen, the floor-beam of the second floor is used as a reference-point for all
loads. Itis important to note that, while the forces are drawn of equal size in the figure, the magnitude
differs for each of them. The resulting soil-deformations due to these loads are found by using
Technosoft software. Based on trial-and-error, different designs are used for the pile-foundations, to
find a lay-out that will result in the most equal sagging of the structure. This is essential for minimizing
the bending moments and ensuring serviceability of the structure.
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Figure 5-5: Lay-out of loads in cross-section on fictitious beam

As the values of the loads are different for the end and intermediate cross-sections, unique lay-outs
have to be designed for each cross-section. The intermediate cross-sections also have two different
lay-outs, due to the expectation that the stability-wall causes additional loads in the middle two cross-
sections. The magnitude of these loads can be found in the full calculation in Appendix B. Finally, the
global pile-foundation can be found in Figure 5-6, and the deflection-results and detailed lay-outs of
each cross-section can be found in Figure 5-7 and Figure 5-8 for the inner and outer cross-sections
respectively. In these last two figures, it can be seen that the deflections of both cross-sections are of
a similar magnitude. This prevents the structure from having initial high shear stresses throughout
the building. The stiffnesses and dimensions that are used for the concrete piles are default
commercial values for square piles in SLS (Mink, Discussion about the Reinbouw mid-rise project,
2019).
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Figure 5-6: Pile-foundation full building including pile-dimensions
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Figure 5-7: Deflection inner cross-section (top) including detailed lay-out strengthened and normal internediate cross-section
(middle and bottom, respectively)

71



-16.3 -16.5 -16.7 17.0

-18.5

A =< A 50

% % % % % %

o.5m  16gm 1.65m 165m 1E5m 1b5m 1.65m 16m 0.5

Figure 5-8: Deflection outer cross-section (top) including detailed lay-out outer cross-section (bottom)
Determination shear forces

When wind blows against the long side of this structure, the complete load has to be transferred to
the two end-walls, as they also function as stability-walls. However, bending moments will initially
still occur in the intermediate cross-sections. As the columns on the ground floor cannot resist any
horizontal forces, the bending moment to resist the wind load must already be acquired at the end of
the first floor. This means that additional shear forces must be present in the upper floors to gain this
additional bending moment. The magnitude of these shear forces are calculated in this part.

The stiffness of each foundation cross-section was determined, because the wind load that each of
the cross-sections will resist are determined by the relative stiffnesses of these foundations. The
specific magnitude of the wind load and load due to skewness can be found in Appendix B. In the
determination of the shear forces, it should be noted that the resulting shear forces should be zero
throughout the ground floor, due to the columns not able to resist any of these forces. Based on these
equilibriums, the shear forces can be determined by hand-calculations. An example of how these
balances are calculated are given in Figure 5-9. Firstly, the shear forces due to wind-load are resisted
directly, which is shown on the left side. On the right side, additional shear forces must occur in the
floors due to the required increased bending moment in the upper floors. These forces must result in
a pure bending effect of an identical magnitude that would usually occur in the ground floor of the
structure.

The final shear force results are given in Figure 5-10 and Figure 5-11. While the shear-loads could be
based on a linear reaction for the wind loads, a response from a construction like this might also result
in a quasi-linear reaction. These results will be used to compare the hand-calculations to the SCIA-
model. Based on SCIA, it can be checked if the original assumption of the building moving as one unit
was correct, and if the floors show either linear or quasi-linear behaviour in shear.
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Figure 5-9: Balance forces based on shear and moment equilibrivms for the wind load
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5.3. Modelling of forces due to weakened pile-foundations
In this part, the structure is built in SCIA with a multitude of functions. The main calculations and
considerations can all be found in Appendix C. Firstly, it is be used to verify the assumptions from the
hand-calculations. As can be seen in Figure 5-12, the entire structure does behave as one unit, which
confirms this assumption. Additionally, in Figure 5-13 and Figure 5-14, it can be seen that the structure
can be modelled as a "bending beam”, where the distributed load is equal to the wind load. Based on
these considerations, the effect of weakened pile-foundations can be calculated.
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Figure 5-12: Top-view of structure, showing downwards deflection
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Figure 5-13: Top view of structure, showing visualisation of "bending beam"
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Figure 5-14: Top view of structure, showing stresses in x-direction
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When the walls from the unit-structure are included in the SCIA-model, the bending behaviour shown
before is reduced and less clear. A comparison between the model-results with and without unit-walls
can be found in Figure 5-15 and Figure 5-16 respectively. As such, to keep the model easy-to-read, it
has been decided to not include the unit-walls in the calculation for the weakened pile-foundations.

Figure 5-15: Stresses when unit walls are present Figure 5-16: Stresses when unit walls are not present

The results of the wind-load calculation from Section 5.2 can be used to relate the present shear forces
due to wind-loads to the occurring forces due to weakened pile-foundations. For this calculation,
different variations of weakened pile-foundations were checked, and the governing situation has
been used to calculate the maximum shear force that will be applied on the floor-elements. From the
results, it seems that the largest reactions occurred when there was a sideways movement due to the
weakened pile-foundations. If the weakened pile-foundations only caused a downward movement, it
only caused a compression force in the floors.

While all different variations and detailed calculations can be found in Appendix C, the variation that
caused the highest amount of shear forces per cross-section can be found in Figure 5-17 and Figure
5-18. The accompanied bending moment through the entire structure is visualised in Figure 5-19, and
the final shear forces, combined with the shear forces due to wind loads, can be found in Figure 5-20.
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Figure 5-17: Lay-out of weakened-pile variation that cause highest response
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Figure 5-20: Total shear load on cross-sections due to weakened pile-foundations and wind-loads

This governing load of 312 kN can be used by Lievense | WSP as a guideline for the shear-force that
their floors have to resist. The rest of the analyses and considerations from this chapter can also be
used for insight into the behaviour of the Reinbouw project structure. Using this and the rest of this
report, a collection of recommendations can be set up for Lievense | WSP for their use of the PCSP-
floors in their project, both on a theoretical and practical level.

76



5.4. Application of analytical model to case study
After extensive analysis and development, multiple insights and models have been created regarding
the use and application of PCSPs. In order to give advice to Lievense | WSP on the use of PCSP-floors
in a fully prefabricated structure, all acquired information in this research is applied to the Reinbouw
project, and recommendations for designs are given.

Application in project Reinbouw

As mentioned in the analysis of the Reinbouw project structure, the design causes the structure to
function like a house of cards, resulting in a unique flow of forces in certain situations. In regards to
the PCSP floors, the most notable bottleneck is the potential axial forces in the floors, causing a shear
force, as the axial force has to flow from one concrete wythe to another.

Two main causes for these types of loads are wind loads and forces caused by weakened pile-
foundations, as calculated in Section 5.2 and 5.3 respectively. Although the highest individual force is
caused in the upper floor by the weakened pile-foundations, the highest combination can be found in
the second floor, where the load is equal to 312 kN. It is noteworthy to mention that this load is applied
perpendicular to the span-direction, meaning that the truss-connectors meant for resisting the
bending forces, are not applied in the same direction. However, the current design makes use of
angled truss connectors, as shown in Figure 5-21. The resistance and stiffness of these types of truss
connectors have not been researched in this paper due to time constraints. Additionally, the
dimensions of these truss-connectors are one of the unknown elements of the design. While an effort
was made to develop an FE-model that could predict the shear-behaviour of PCSPs, this was
unsuccessful. If the plan is to apply the current floor-design to the structure, it is recommended to
carry out additional shear-experiments to ensure sufficient resistance.

Principe detaillering wapening vloerplaten

Figure 5-21: Preliminary truss-connector design without dimensions for the Reinbouw project
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Linear prediction model

The analytical prediction model that has been developed in Excel can be used to advise on the
dimensions of the required truss-connectors or prestressing. Although only linear bending behaviour
isincluded in this analytical model, this can still be used to develop an initial floor-design, to check its
non-linear behaviour more in-depth at a later stage.

Some of the input-parameters for the model are already fixed in the design of Lievense | WSP
(Lievense | WSP, 2019):

- Span length: 7500 mm
- Concrete thickness: 170 mm
- Insulation thickness: 40 mMm

Most other parameters have to be determined based on practical values or calculations. For prefab
elements, the concrete strength class is set as C45/55. The truss-connector-steel is assumed to be
strength class Bsoo, and the initial centre-to-centre distance is set at 8oo mm, as this distance has
been used often in experiments of PCSP-floors. The insulation-stiffness is set at the same value as all
previous comparisons and experiments. Lastly, the load is calculated by a combination of self-weight
and the variable load of a living area:

q=2xte*b*pe+ qres * b+ quaus

q=2%036%08+25+2.0+08+0.8=9.6kN/m

Where:
q: Total distributed load on the PCSP-floor [kN/m]

t.: Thickness of concrete wythes [m]

b: Centre-to-centre distance of truss-connectors [m]
Pc: Density of concrete [kN/m]

qres: Distributed load in residential areas [kN/m]
Gwaiis: Distributed load due to walls [kN/m]

As such, all parameters can be found in Figure 5-22. The two parameters not filled in yet are the truss-
diameter and the prestressing, which are the two main points of interest for design. While the truss-
connectors increase the composite-factor, the prestressing is used to prevent the concrete from
cracking too much. As input, the diameter of the truss-connector has been varied from o to 30 mm,
while no prestressing is set initially, to check if this is required.
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CALCULATION-INPUT

Span length: 7500|mm Truss diameter: mm
Width (c.t.c.): 800|mm Truss stiffness: 200000(N/mmA2
Concrete thickness: 170|mm

Insulation thickness: 40|mm Applied load: N/mm
Concrete stiffness: 36283 |N/mmA?2

Insulation stiffness: 5|N/mm*2

STRENGTH-LIMITS

Concrete prestressing: N/mm#2
Concrete tensile strength: 1.77|N/mmA*2
Concrete compressive strength: 30|N/mm"2
Truss strength: N/mm*2

Figure 5-22: Fixed input of Lievense | WSP design for the Reinbouw project

As can be seen in the results in Section 4.2, a considerable truss-diameter is required to connect the
concrete wythes when these wythes have a high thickness. When checking the truss-connector stress
as shown in Figure 5-23, it's also clear that this value decreases significantly until a truss-diameter of
10 mm. Additionally, visualised in the figure with a red line, a truss-diameter of at least 12 mm is
required to prevent the truss-connectors to yield at the edges. A diameter of 20 mm could also still
result in similar results — as only the far edges of the truss-connectors would yield — but this non-
linearity was not included in the model, and designs like this must be used with caution. Figure 5-24
shows the tensile stresses of the concrete at the bottom edge. In this figure, it is clear that significant
cracking will occur in this floor. As such, the calculated deflection of the mathematical Excel-model is
not in line with realistic results. However, a potential solution would be to apply around 2 MPa of
prestressing in the concrete wythes. In this case, no cracks will occur due to this loading and the
behaviour of the PCSP can be predicted by the mathematical model. A potential design-
recommendation for the Lievense | WSP floor-design can be found in Figure 5-25.

Truss-connector stress: Design Lievense | WSP

2500 Truss-connector stress

= = =Yielding limit truss-
1000 connectors

Stress truss-connector at edge
[N/mm?]
N
o
[e]
(o]

0 5 10 15 20 25 30

Truss diameter [mm]

Figure 5-23: Truss connector stresses when varying truss-diameter
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Concrete tensile stress: Design Lievense | WSP

Concrete tensile stress

— = = Design tensile strength
concrete
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Figure 5-24: Concrete tensile stresses when varying truss-diameter
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Figure 5-25: Recommendation possible Lievense | WSP design

Non-linear insights

If not enough prestressing is applied to prevent cracking, the Excel-model cannot ensure correct
results anymore. However, some insights are still gained from analysing the non-linear FE-model that
was developed and checked in Section 3.1 and 3.2 respectively. Instead of only the concrete, the non-
linear behaviour of the truss-connectors is also essential for the behaviour of the PCSP.

In the case that the truss-connectors show non-linear behaviour, the only change that occurs is that
the composite effect is reduced. However, the magnitude of this reduction is harder to predict, as this
non-linearity initially only occurs at the edges of PCSPs. This means that the stiffness of the
intermediate layer cannot be assumed as constant over the span, and as such, the general behaviour
of the floor along the span also changes. Still, the mostimportant aspect are the stresses at mid-span,
as the presence of cracks have a much higher effect on the stiffness of the PCSP than the non-linearity
of the truss-connectors. In the current design, it seems like non-linearity in the trusses will not be
present, so this will not be a bottleneck in the design.

When the thickness of concrete wythes is increased, the crack-width also increases when only one
reinforcement bar is used. Especially if no prestressing is being used — causing much higher tension
stresses — the crack-widths might become too large for only one reinforcement bar. In order to gain
enough insight into this, itis recommended to perform experiments or do more detailed research with
the non-linear FE-model. The reason why this can’t be calculated by simple formulas as a tensile tie
model, is that the cooperation between the two concrete wythes and the truss-connectors change
significantly when cracking occurs.
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6. Discussion

Many different insights and conclusions have been gained from this research, that can be compared
to earlier research. Firstly, it is said in literature that the truss connectors were essential to the linear
stiffness of the PCSPs (Hopkins et al., 2017). From the parameter-studies done in Section 3.4 and 4.3,
the conclusion is the same. Without truss-connectors, a full composite PCSP is never reached. A
relatively small amount of truss-connector area increases the stiffness of the PCSP-structure
significantly. Secondly, the essential elements for the non-linear phase of the PCSPs are more difficult
to compare and analyse. However, literature has mentioned that post-tensioning behaviour of
concrete is the reason for the complicated global behaviour of these floors (Hamed, 2016). This is also
clear from the analysis of the FE-model in Section 3.1: after concrete cracks, a significant increase in
deflectionis found. The effect and magnitude of non-linear truss-connectors is harder to analyse, and
also has not been explicitly mentioned in previous research. Thirdly, although the non-linear FE-
model of this research was not able to consistently predict the behaviour of experiments, it did follow
the behaviour of an earlier-developed FE-model for PCSPs. Still, it should be noted that the FE-model
that is developed in Chapter 3 behaves a lot more brittle than the FE-model that it is compared to.

Although the initial plan of this research was to predict the non-linear behaviour of PCSPs using a FE-
model, this focus was later changed to developing a much simpler model, predicting the linear
behaviour using Excel. Insights into the non-linear behaviour were still gained, but uncertainties are
still largely present in this aspect of PCSPs. While the FE-model was able to predict the linear part
almost perfectly, the non-linearity showed some deviations. This was not caused by the general
behaviour; the FE-model showed similar steps in cracking and non-linearity as the experiments.
However, when looking purely at the load-displacement diagram, the FE-model seems to deviate
from results reqularly. This might be caused by experimental variations, but not enough experiments
have been compared to non-linear models in order to confirm or deny this claim. In the case of shear-
experiments, it seems that the FE-model was not able to predict the interaction between layers
correctly. While comparing this shear-experiment, there were also some difficulties finding values for
certain parameters of this experiment, which might have caused deviations between expectation and
result.

When focusing on the linear Excel-model, the accuracy of this model is almost perfect, especially in
the range where a logical amount of truss-connectors are applied. However, there are still some
limitations to this model. First and foremost, the model is only able to determine linear behaviour.
Additionally, as the model is largely based on linear assumptions, applying non-linear behaviour to
this model might be difficult to accomplish. As the non-linearity and ductility of PCSPs adds a lot of
resistance to the element, the linear model is not able to fully make use of its resistance. Lastly, some
assumptions are present in the Excel-model that reduces freedom of design: only a simply supported
PCSP with identical concrete wythes and truss-connectors with a constant diameter and an angle of
45° are able to be predicted. However, for some of these assumptions, potential room for
improvement is possible.

The Reinbouw project from Lievense | WSP possesses multiple unique design-challenges, of which
one is the PCSP-floors. The shear force that protrudes through these floors has not been researched
or tested in this paper. As such, no confident statements can be made about the shear-resistance and
stiffness of these types of floor. However, there are other bottlenecks in the structure as discussed in
Section 5.1, which might cause a different flow of forces as initially expected. In most cases, this would
cause a lower load on the floors, as the unit-walls have been ignored in the calculation from Section
5.3. This means that the shear loads on the PCSP-structure are expected to be of a similar or lower
magnitude as calculated in this research.
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Luckily, the PCSP-design of Lievense | WSP can still be put into the mathematical Excel-model to
determine the bending behaviour of this element. When doing this, it can be seen that a high level of
stiffness can be easily acquired with an acceptable amount of truss connectors. However, the bottom
edge of the concrete will still crack significantly, requiring prestressing or non-linearity to resist part
of the load. Given the high span length for a concrete structure, it was expected that prestressing
might be necessary to prevent too much cracking.
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7. Summary & conclusion

Although Precast Concrete Sandwich Panels are weight-efficient and possess good insulation
characteristics, the behaviour of these panels are relatively unknown. There is no simple expression
or model to calculate the linear composite factor. Additionally, the non-linear behaviour has not been
consistently predicted correctly by either analytical or finite-element models yet. Lievense | WSP
wants to use these PCSPs in their fully prefabricated structure, but are unsure about the requirements
for these types of floors. In order to use PCSPs to their full extent, more analysis and development
had to be done in order to increase the applicability of PCSPs. As such, it was researched how simple
expressions can be set-up for the behaviour of precast concrete sandwich panels, and to what extent
these expressions can be used in a fully pre-fabricated structure.

In order to research the current issues in the prediction of the PCSP-behaviour, a literature-study was
initially set up to analyse the behaviour of PCSPs. Based on the knowledge gained from this analysis,
an advanced, non-linear Finite Element model was developed in order to predict the linear and non-
linear behaviour of PCSPs. This model includes the non-linearity of all materials but the insulation,
and has been compared to experiments from literature. Afterwards, an analytical model was
developed with the goal to predict the linear behaviour without any complicated input from the user.
This has in turn been compared to the earlier-developed FE-model, where only the linear behaviour
was enabled for this comparison. Lastly, a number of calculations were done for the project of
Lievense | WSP, where hand-calculations, Technosoft and SCIA were used to find the present shear
forces in the floor-systems.

From the literature-study, the truss-connectors connecting the two concrete wythes were mentioned
as the most essential parameter to the total stiffness of these panels. When these truss-connectors
are applied, the insulation layer does not play an essential role in the stiffness anymore. It was also
clear that the main cause for incorrect non-linear predictions were caused by a complicated tension-
stiffening model from the concrete wythes. This could cause an over- or under-estimation of the
PCSP-stiffness of around 20% in the worst cases. Already developed expressions to calculate the level
of composite effect could not be used for PCSPs, as the design that is assumed for these expressions
is significantly different when compared to PCSPs.

When developing the FE-model, an effort was made to add non-linear effects step-by-step, to ensure
that each element was added correctly. An important aspect from this development-process was that
the truss-connectors had to be modelled as reinforcement-bars to ensure a realistic stiffness-
behaviour. When comparing the FE-model to various experiments, it showed that the linear behaviour
was perfectly predicted. Although some experiments also compared very well with the developed
model in the non-linear behaviour, the FE-model also over- or underestimated the stiffnesses in some
experiments. This might be caused by the complicated tension-stiffening model of the concrete, or
by strength variations in the concrete itself. However, the FE-model was still able to be used to find
non-linear insights regarding PCSPs, as the general non-linear ductility and qualitative behaviour of
the FE-model showed similar results to the experiments. While it is said that the concrete cracking
plays an important role in literature, the plasticity of the truss connectors indirectly have an influence
on this as well. Essentially reducing the stiffness of truss-connectors due to plasticity, the composite
factor of the PCSP reduces, and the concrete stress increases. The magnitude of this stress-increase
due to this plastic behaviour is a possible future research for this subject. Additionally, as the linear
stiffness of the shear-experiments was over-estimated by the FE-model with a factor of around six,
the prediction of shear behaviour of PCSPs is also a possible future research.
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In the development of the linear prediction model, the goal was to develop a model that could be used
in practice, by people that have close to no knowledge of the underlying behaviours of these floors.
As such, a model in Excel was developed, where an easy-to-use interface is present for input, and only
insightful output is shown, while all other calculations are done in the background. This analytical
model has been compared with the FE-model — which was already confirmed to correctly predict
linear parts of experiments — and showed a perfect comparison to a broad set of floor-designs.
Although the model does not include non-linear behaviour, it warns the user when limits are reached.
Without the application of truss-connectors, increasing the concrete thickness of the PCSPs from 60
to 140 mm would decrease the composite factor for a value of around 0.28. Increasing the span length
from 4000 to 8000 mm would increase the composite factor for around 0.31. The effect of increasing
the insulation thickness from 40 to 8o mm depends on the concrete thickness, where the reduction of
the composite factor is 0.02 and 0.06 for a concrete thickness of 60 and 140 mm respectively. When
truss-connectors are applied, most PCSP-designs will possess a composite factor of above 0.95 when
12 mm diameter bars are being used every 8oo mm. However, when concrete wythes with a thickness
of 140 mm or higher are being used, the increase in composite-action due to the application of trusses
decreases significantly, causing a decrease in composite factor from 0.96 to 0.91 compared to when
140 mm and 60 mm wythes are used respectively. When more insight is gained in the actual effect of
non-linearity on the composite behaviour and stiffness, an additional research could potentially try to
apply these effects on the already present linear prediction-model.

To start off the analysis of the Reinbouw project of Lievense | WSP, a general flow of forces was set
up to understand how the structure functioned generally. This also included a general analysis of the
structure, to find bottlenecks in the structure that should be taken into account in the final design.
Based on the flow of forces, a pile-foundation design was calculated. This lay-out was then used to
calculate the wind-load on each layer of the building. On top of this, an additional calculation was
done to analyse the effect of weakened pile-foundations, and to find the resulting forces in the floors
that are caused by this. From this analysis, it was clear that considerable axial forces will be present in
the floor-systems of the structure. Due to the way the floors are connected, this results in shear-forces
in the span-length of the PCSPs. This is something that must be more thoroughly analysed before
these floors can be confidently used in this design. When using the analytical Excel-model to predict
the bending-behaviour of the floor-design, it is concluded that 12 mm diameter truss-connectors are
required over every 8oo mm width to ensure that no plasticity occurs in these trusses. Additionally,
even with the 12 mm truss-connectors, 2 MPa prestressing is required in the concrete to prevent
cracking of the lower wythe. In regards to non-linear behaviour, experiments are recommended in
order to check concrete cracking to ensure that no unexpected behaviour occurs in these designs.

In conclusion, the applicability of PCSPs have been increased due to all above-mentioned methods
and results. One of the first questions that arose, was what were the most important features of
PCSPs that change their behaviour in comparison to solid concrete floors. It can be said that the truss
connectors are the most essential factor for the linear stiffness, while the individual concrete cracking
of the wythes causes the largest unpredictability in the non-linear phase. When thinking about the
application of the different elements and materials in the FE-model, it became clear that the truss-
connectors must be modelled as reinforcement to ensure that the model correctly predicted the
behaviour of the interaction between the two concrete wythes. In regards to the analytical prediction
model and its development, it was not possible to develop this model in Maple. This was more
successful when using Microsoft Excel, and this also seems the most useful, due to the low complexity
of Excel as a software. The main insights that could be gained from the model have been mentioned
in the previous paragraph: required truss-connector diameters to prevent plasticity can be
determined, or general stiffness-behaviour can be calculated for input for other modelling-programs.
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Finally, the main research-question is returned to: how simple expressions can be set up and used in
a fully prefabricated structure. It has not been possible to develop simple expressions yet. However,
the simple analytical model allows for easy input by users without much background-knowledge of
the behaviour, which has been used to advice on the floor-designs of the fully prefabricated structure
of Lievense | WSP. The development of simple expressions based on this analytical model seems like
the logical next step in future research.
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A. Appendix: User-interface analytical model

The model for practical use can be divided into three main parts:

1. Input & limit strengths

2. Calculations
3. Output

The input & limit strengths can be seen in Figure A-1. This is the only part of the model where users
should edit values. Although the limit strengths do not have an influence on the calculation-part, they

are important to show the limitations of the (linear) prediction model.

CALCULATION-INPUT

Span length: 7200|mm Truss diameter: 12|mm
Width (c.t.c.): 800|mm Truss stiffness: 200000|N/mm~"2
Concrete thickness: 140 mm

Insulation thickness: 40|mm Applied load: N/mm
Concrete stiffness: 31000|N/mmAn2

Insulation stiffness: 5[N/mmA2

STRENGTH-LIMITS

Concrete prestressing: 0|N/mmA2

Concrete tensile strength: 1.77|N/mmA2

Concrete compressive strength: 30|N/mmA2

Truss strength:

[ mo/mm

Figure A-1: Input & limit strengths for mathematical model

The calculations are found in Figure A-2. As mentioned before, the details of these calculation-steps
can be found in Appendix o. Generally, the goals is not to view these intermediate calculations to the
users of the model, as only the input and output is important.

CALCULATION (DO NOT CHANGE)

Step 1 & 2: Determination initial deflection and rotation
Deflection when assuming full composite action:

5.17722937|mm

Deflection when assuming no composite action:

30.8520643|mm

Assumed deflection:

18.0146472|mm

q-load based on single concrete wythe:

2.91952055|N/mm

Assumed rotation:
0.00800651 -

Step 3: Determination axial distance
Initial axial distance (1 wythe to centre-line):
0.72058589]mm

Fictitious stiffness intermediate layer:

162.079633|N/mmA2

reaction force i iate layer:
3687042.94|N

Maximum reaction force concrete wythe:
1042447.58|N

Actual axial distance (1wythe to centre-line):
0.15882747|mm

Step 4: Calculation bending-response intermediate layer on concrete wythes

Actual axial distance (full PCSP):

0.31765494|mm

Shear strain intermediate layer at edge:

0.007341374|-

Mean shear strain intermediate layer:

0.004526583|-

Mean shear stress intermediate layer:

0.282179575|N/mm*2.

Compression/Tension force in concrete wythe:

212677.1748N

Additional stress in concrete wythes:

7.256046204|N/mm~2

Bending moment based on initial load (Step 1):

37836986.3|Nmm

Bending moment based on reaction intermediate layer:

146281891.5|Nmm

Total bending moment:

184118877.8|Nmm

Step 5 & 6: Calculating the actual composite action
g-load based on total bending moment (step 4):

[z

Mid-span ion assuming full ite effect:

14.71027|mm

Mid-span assuming no ite effect:

87.66123|mm

Composite factor (based on assumed deflection step 1):
0.554704|-

Additional calculations:
Stress outer edge compressive wythe:

Cssasal/mmes

Stress inner edge compressive wythe:

e

Stress inner edge tensile wythe:

0.016827|N/mmA2

stress outer edge tensile wythe:

[raassariwimmes

Stress truss connectors at edge:
N/mmA2

Figure A-2: Calculations for mathematical model
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The output can be found in Figure A-3. In this output, both the direct results from the calculations are
showed, as well as the strength checks based on the limit strengths that are set as input. If the
concrete-strength limits are exceeded, a “Warning!”-text will show, to inform the user that the model
might not be able to show correct results for this design and load. In this case, it is advised to check
the design with a more detailed, non-linear model. If the truss-strength limit is slightly exceeded, a
“Caution”-text will show, to inform the user that correctness of the model might decrease. However,
the results are not immediately untrustworthy for two reasons: first, compared to the FE-model, the
truss-stresses are overestimated in the mathematical model. Secondly, as the stress on the truss-
connector only specifies the stress at the edges —where the stress is the highest —a small exceedance
means that only the outer truss-connector possesses a slightly lower stiffness. If the truss-limit
strength is greatly exceeded, the same “Warning!”-text is shown as the concrete-check.

OUTPUT (DO NOT CHANGE)

Composite factor: 0.954704184|-
Ficticious bending stiffness: 6.50405E+13 |NmmA"2
Deflection at midspan: 6.34019254 | mm

Stress outer edge upper wythg -5.10155839(N/mm*2
Stress inner edge upper wythe| -0.00592216(N/mm~"2

Stress truss-connectors at edgd  395.264042 N/mm~2

Stress inner edge lower wythe| 0.005922164|N/mm*2
Stress outer edge lower wythe| 5.101558391|M/mm~2 Warning!

Figure A-3: Output for mathematical model

In contrast to FE-models, this mathematical model in Excel does not require a lot of knowledge to be
used. As such, it can be easily used by people in practice to get an estimate for how the need to design
their PCSP-floors. This also means that this model can be used for insight in the case of the Reinbouw
project from Lievense | WSP. However, as this structural design is unique in itself, research must be
done on the flow of forces of the Reinbouw project, and the resulting forces that occur due to this
behaviour.
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B. Appendix: Calculation Reinbouw High-rise concept
Self-weight of an intermediate wall

Initially, a lay-out was drawn for a cross-section of the structure like Figure B-1 (cross-section short
side), in which all point- and distributed loads were shown. The reference-beam was taken as the
lower beam, where the columns and foundation underneath this beam were included by use of
additional point loads underneath the reference-beam. This visualisation can also be found in Figure
B-1. While the loads are all focused on one “beam”, the stiffnesses of the entire structure are still taken
into account. For example, the part that is loaded by Q2 and Q4 will include the walls from all floors.
To simplify the calculation, only the self-weights have been included in this calculation.

Based on the horizontal load-transfer mentioned in Section 5.1, the different point- and distributed
loads consist of the following:

- Fa: Columns steel + 4 floors of ¥2 gallery

- F2: Walls HSB + 4 floors of ¥4 gallery

- F3: Walls unit element

- F4:Walls HSB

- Fg5: Column concrete + ¥4 ground floor left + ¥4 eff. foundation beam

- F6: Column concrete + ¥2 ground floor left + % ground floor right + % eff. foundation beam +
foundation footing

- F7: Column concrete + % ground floor right + % eff. foundation beam + foundation footing

- Qau:Floor gallery + lower beam

- Q2: gupper normal floors + normal roof + 5 floors of normal walls + lower beam

- Q3:5balconies

- Q4: 5upper unit floors + unit roof + 5 floors of unit walls + lower beam

TR :

— ""'LIIIIL\IJ.U<. . =

F1 F2 F3 inrerrnrm F3 F4
A LELTLNLN

=TT NMTouanTim T 77
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m_l_l 1 J ||||||||

Figure B-1: Load lay-out case study including point loads (yellow), distributed loads (orange), and foundation reaction forces
(green)

As can be seen in the figure, an additional pile can be seen in between the beams carrying point loads
F6 and F7. This means that part of the foundation beam and ground floor is resisted by this pile, not
contributing to the loads of the structure calculation shown above. The method for including this in
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the calculation is applying only % of the total floor area to both point loads surrounding the area,
instead of ¥%.

The calculation-process was iterative, with the goal for the author to gain insight in how a project is
initially calculated. An expected pile lay-out was developed so that pile-stiffnesses were available.
Afterall loads were calculated and used as input in Technosoft, the pile lay-out was changed to ensure
an optimal deflection of the entire structure. Together with some feedback on the calculation itself,
the final calculation could be made, which is also given below. As the process of the intermediate
calculations were almost identical, it has been chosen to only include the final calculations and values.

The calculation-process

The process starts with the determination of the dimensions of each structural element. Then, the
loads will be calculated based on these dimensions. The loads will be used as input for Technosoft,
together with the pile- and “beam”-stiffnesses, where the deflection of the entire structure will be
analysed.

In the digital excel sheet, the dimensions and load-calculation are done in the same sheet and
columns. Thus, both of these can be found in Figure B-2 and Figure B-3 for the normal and unit
elements respectively. These elements have to be summarized to find the total values for the point-
and distributed loads. This is done in Figure B-5 for the distributed loads, and Figure B-4 for the point
loads.

Finally, these values are used as input for Technosoft. Other required input is the “beam”- and pile-
stiffness. For the global structure, a simple beam is modelled where all forces from Figure B-1 are
applied to. While the stiffnesses of the gallery is based on one gallery-floor, the balconies have a
combined stiffness, and all walls are assumed to fully contribute their stiffness to the applied load.
These assumptions result in the following dimensions for the “beam”-element:

- Gallery-floor: B*H 8oox500 (C40/50)
- Apartments: B*H 250x15800 (C40/50)
- Balconies: B*¥H 11350x120 (C40/50)

The goal of this calculation is to find a pile-layout that will result in the most equal sagging of the full
structure. In this design, a large amount of piles can only be placed on the positions where the columns
are present. As such, the final pile lay-out for the intermediate walls is as follows:

For the two inner intermediate cross-sections:

- PositionFg:  H320mm
- Position F6: 6 * & 350 mm
- Position F7:3 * & 350 mm

For the two outer intermediate cross-sections:

- PositionFg:  H320mm
- Position F6: 6 * & 350 mm
- Position F7:3* & 320 mm

The additional pile between F6 and F7is & 290 mm. The difference between the inner and outer cross-
sections are due to the stability wall that is placed in between the two inner cross-sections on the
position of F7. This will result in additional stresses and loads, which is why this pile lay-out is stronger
than the outer cross-sections.
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The final deflection of the outer intermediate cross-sections is given in Figure B-6.

21 Permanent loads
Flat roof (Gth floor) Floor-element d= 340 mm =F 8,50 kN/m*
Gravel d= 60 mm =" 1,08
Insulation {type unknown} =" 010
Roof cover = 005 +
—_—
Gy=" 9,73 kN/m*
2nd-5th floor Floor-element d= 340 mm =F 8,50 kN/m*
+
—
Gy=" 8,50 kN/m*
1stfloor Floor-element d= 340 mm =r 8,50 kMNim*
-
—
Gy=" 850 kNim?
Ground floor Hollow core slab (VBI 260) d= 260 mm =r 6,50 kMN/m*
Finishing layer d= 70 mm =" 1,40 +
—_
Ge=" 7,90 kNim?
Gallery floor Floor-element d= 300 mm =r 7,50 kMNim*
-
[ —
Gy=" 7,50 kNim?
Steel balcony Top- and bottamlayer d=" 10 mm =¥ 0,79 kNim*
Beam along g-load d_rel ="2 55507 mm =" 0,20
Beam in g-load, front d_rel=" 1,64 mm =" 0,13
Beam in g-load, back d_rel="0,83333 mm =" 0,07
—_
Gy=" 1,18 kNim?
Lower beam Concrete d= 500 mm G.‘:'12,50 kMNim*
Walls HSBincl. glass Gy= 2,50 kN/m* A= 1E+08 mm* = 2813 kN
HSB full Gy= 3,00 kNim? A= 1E+08 mm* = 3375 kN
Concrete normal walls d= 250 mm G.‘:' 6,25 kN/m*
Concrete unit walls short direction d= 320 mm Gy= r 8,00 kN/m*=
Concrete unit walls long direction d= 150 mm G.‘:' 3,75 kN/Im* A= 1E+08 mm* = 4219 kN
Columns Steel column gallery A= 6580 mm?* G.‘:' 0,52 kMN/m* I= 13m = 6,715 kN
Concrete columns ground floor A= 160000 mm* Gy = 4 kNim* I= 2891 m = 11,64 kN
Foundation Footings d= 800 mm G.‘:'2U,UU kMNim*
Beams d= 500 mm G.‘:'12,50 kMNim*

Figure B-2: Dimensions and loads normal elements

Flat roof (Gth floar) Floar-element d= 360 mm =" 9,00 KNImM®
Gravel d= £0 mm =" 1,08
Insulation (type unknown) =" 010
Roof cover = 0,05 +

o205+
Ge=" 10,23 kNim?

2nd-5th floor Floor-glement d= 360 mm =" 9,00 kNm*
+

—
Ge=" 9,00 kN/m®

st floor Floar-element d= 360 mm =F 9,00 kMN/m*
+

—_
Ge=" 8,00 kN/m?

Figure B-3: Dimensions and loads unit elements
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F1

steel columns
gallery-floor (2nd-5th fl.)

F2

gallery-floor (2nd-5th fl.)
facade lengitudinal

F3

unit wall long dir.

F4

facade longitudinal

F5

concrete columns
ground floor gallery-side
foundation-beams

F6

concrete columns
ground floor gallery-side
ground floor balcony-side
foundation-footing
foundation-beams

F7

concrete columns
ground floor balcony-side
foundation-footing
foundation-beams

width

m
0,00
124

width

084
7,50

width

7,20

width

7,50

width

0,00
258
05

width
m

0,00

253

1785

310

0,5

width

0,00
175
220

0,5

length

m
0,00
30,00

length
m

30,00

14,30

length

13,10

length

15,30

length
m
0,00
7,50
10,2

length

0,00
7,50
7,50
3,40

3,375

length

0,00
7,50
220

6,475

Figure B-4: Determination point loads

£.10b
FGk  FQk
671 0,00 KN
27956 0,00 kN
28628 0,00 kN
£.10b
FGk  Fak
18956 0,00 kN
26813 0,00 KN
45769 0,00 KN
£.10b
FGk  Fak
35370 0,00 kN
35370 0,00 KN
6.10b
FGk  FOk
20625 0,00 kN
29625 0,00 kN
6.10b
FGk  FOk
11,64 000 KN
15301 0,00 kN
6375 0,00 KN
22840 0,00 KN
6.100
FGk  FQk
11,64 000 kN
153,01 0,00 KN
10360 0,00 KN
210,80 0,00 kN
2422 0,00 KN
50336 0,00 kN
£.10b
FGk  FOk
1164 000 KN
10369 0,00 KN
96,50 0,00 KN
4047 0,00 KN
25260 0,00 KN
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q1

width Gy 6.10a

m kNim* G O
gallery-floor 75 750 5625 525 kWM
lower beam 08 12,50 10,00 0,00 EMN/mM*

66,25 525 EkN/im'

Q2

width Gy 6.10a

m kMim® Gy Qyy
flat roof n 75 973 7298 000 kKNm'
5th floorn 7,25 850 6163 740 kNm'
dth floorn 7,25 850 6163 T40 kNm'
3rd floorn 7,25 850 6163 740 kNm'
2nd floorn 7,25 850 6163 T40 kKNmM'
1stfloorn 7,25 850 6163 740 kNm'
constr. wall 5 floors n 15 6,25 8375 000 EWNmM*
lower beam 0.8 12,50 10,00 0,00 EM/mM?

484,85 36,98 EKMN/mM®

q3

width Gy 6.10a

m kMim® G Oy
steel balcony 5th floor 227 1,18 268 227 EMNIm?
steel balcony 4th floor 227 1,18 2,68 227 ENIm®
steel balcony 3rd floor 227 118 2,68 227 ENmM*
steel balcony 2nd floor 227 118 268 227 ENmM*
steel balcony 1stfloor 227 1,18 268 227 EMNIm?

13,39 11,35 EN/m®

qd4

width Gy 6.10a

m kNIm* Gy Qg
flat roofu 75 1023 V673 000 ENm
5th flooru 75 900 E6750 525 kWim'
dth flooru 75 900 6750 525 kWM
3rdflooru 7.5 900 6750 525 kNm'
2ndflooru 7.5 900 6750 525 kWm'
1stflooru 75 900 E6750 525 kWim'
constr. wall 5 floors u 15 8,00 120,00 000 kKNimM'
lower beam 08 12,50 10,00 0,00 EMN/mM*

544,23 2625 kN/im’

Figure B-5:Determination distributed loads

VERPLAATSINGEN [mm] Ligger:1 B.C:1 Sterkte
| { [
|1 column: 320 x 320 mm| |6 columns: 350 x 350 mm| |3 columns: 320 x 320 mm |
_18.5 -18.2 -17.5 1801

Figure B-6: Final lay-out and deflection outer intermediate wall
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Self-weight of an end-wall

Instead of the columns present in intermediate walls, the end walls consist of a wall that progresses
to the foundation. Additionally, extra weight is present in these walls, due to exterior aesthetics that
are applied. Lastly, only half of the floor-loads are applied on these walls, due to these walls being at
the end of the structure. Thus, the self-weight calculation has to be redone for end-walls. The load
lay-out is given in Figure B-7, where some parameters have been changed in comparison to the
intermediate wall:

- Fa: Columns steel + 4 floors of % gallery

- F2: Walls HSB + 4 floors of % gallery

- F3: Walls unit element

- F4:Walls HSB

- Qa: ¥ Floor gallery + lower beam

- Qa2: 5*Y2 upper normal floors + %2 normal roof + 5 floors of normal walls + lower beam
- Q3: 5*Y4 balconies

- Qg4: 5*Y2 upper unit floors + %2 unit roof + 5 floors of unit walls + lower beam

- Qs: Normal end wall + ground floor + foundation beam

- Q6: Unit end wall + ground floor + foundation beam

MTITHITITTE
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Figure B-7: Load lay-out case study including point loads (yellow), distributed loads (orange), and foundation reaction forces
(green)

The reason why the foundation reaction forces are shown as a distributed load is because the amount
of piles can be placed on any position of the cross-section due to the wall being connected to the
ground. These walls also contribute to the “beam”-element. The left area is now being resisted by the
wall from the ground floor, instead of the gallery floor. The newly found dimensions are as follows:

- Gallery-floor: B¥H 250x3800 (C40/50)
- Apartments: B*H 250x18800 (C40/50)
- Balconies: B*¥H 11350x120 (C40/50)
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The calculation of the additional wall-elements can be found in Figure B-8, and the determination of
the load-values is shown in Figure B-g and Figure B-10. Now, multiple considerations have to be taken
into account. Next to the already mentioned equal sagging in the short direction, there is now also
the additional requirement that the sagging must be equal along the long direction of the building.
This means that the pile lay-out of the end-walls must result in similar deflections as the intermediate
walls. However, due to the wall structure being connected to the floor, the piles can be placed
anywhere along the cross-section. By trial-and-error, the final pile lay-out is given in Figure B-11. All
of the piles are dimensions 320 by 320 mm, with an exception for the fully left pile, which is 290 by
290 mm. The deflection of the end walls is given in Figure B-12.

Exterior wall n Concrete

Stone cladding

Exterior wall u Concrete

Stone cladding

Figure B-8: New wall-loads due to exterior aesthetics
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¥ 6,25 kN/m*
1,30

d= 250 mm

+

—_—
Gy=" 8,05 kN/m*

F 800 KNIm*
1,80

d= 320 mm

+

—_—
Gg=" 9,80 kM/m*



a1

gallery-floor
lower beam

q2

flat roofn

Sth floor n

4th floor n

ard floor n

2nd floor n

1=t floor n

wall 5 floors incl. cladding r
lower beam

a3

steel balcony Sth floor
steel balcony 4th floor
steel balcony 3rd floor
steel balcony 2nd floor
steel balcony 1st floor

a4

flat roofu

Sth floor u

4th floor u

ard floor u

2nd floor u

1=t floor u

wall 5 floors incl. cladding
lower beam

Figure B-9: Determination first half distributed loads
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a5

width Gy
m KM/ Gy
wall 1 floors incl. cladding r 3,75 28,05 3019 kN/m?
ground floor 3,625 7,50 286,54 kN/m?
foundation beams 0,s 1250 5,25  kNim'
65,08 kN/m'
q6
width Gy
m KM/ Gy
wall 1 floers incl. cladding o 3,75 9,80 3875 kN/m?
ground floor 3,625 7.50 2864 kN/m'
foundation beams 05 1250 525 kN/m'
7164 kN/m'
F1
width  length Gy

m m kM FGk
steel columns 0,00 0,00 0,00 6,71 kN
gallery-floor (2nd-5th .} 1,24 15,00 7,50 138,78 kN

145,50 kN
F2
width  length G,

m m kM FGk
gallery-floor (2nd-5th .} 0,84 1500 7,50 9478 kN
facade lengitudinal 3,75 14,30 2,50 134,06 kN

228,84 kN
F3
width  length G,
m m kM= FiGk
unit wall long dir. 380 13,10 3,75 176,85 kN
176,85 kN
F4
width  length G,

m m kM FGk

facade longitudinal 375 15480 2,50 148,13 kN
14813 kN

Figure B-10: Determination second half distributed loads and point loads
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o1 2:B*H 250*18800 (C40/50) b3
Figure B-11: Final lay-out pile foundation end-wall
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Figure B-12: Final deflection end-walls
Wind load and skewness walls

For this calculation, it is assumed that the building in infinitely stiff. This means that a horizontal load
will resultin a solid rotation of the structure. This solid rotation will be resisted by the pile-foundations
determined in the last calculation. The amount of horizontal load each part resists, depends on the
relative stiffnesses between the foundations. These stiffnesses are calculated here, after which the
loads on each

Firstly, a small change is made in the foundation lay-out. To resist wind-loads on the short side of the
structure, one stability-wall is placed on the balcony-side of the structure, which is supported by the
two inner pile foundations. As it is expected that this will cause additional loads on these piles, these
two pile foundations will be additionally strengthened by replacing the three 320 x 320 mm piles on
this position by three 350 x 350 mm piles. Thus, there will be three cross-sections that need to be
calculated:

1. Normalinner cross-section (using 320 x 320 mm piles at the balcony-side)
2. Strengthened inner cross-section (using 350 x 350 mm piles at the balcony-side)
3. Outer cross-section

Normal cross-section

Before the relative stiffness of each pile cross-section are mentioned, extra attention is given to the
pile on the gallery-side, as this pile is indirectly connected to a relatively weak beam in the gallery.
This beam will bend, and as such not take part fully in the solid rotation of the structure. In the end,
this will result in a pile-foundation that is less stiff. The magnitude of this reduction is as follows:

Stiffness of 320x320 pile: y = 40000 kN /m
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If it is assumed that a load of 2000 kN is applied to this pile, this will result in a deflection of:

F_ 1999 1000 =25
—_— = * =
W =3 T 40000 mm

Additionally, the 1.6 m long beam will be loaded by the pile-foundation like a cantilever with this same
load, resulting in the following deflection:

F L3 1000 * 103 * 16003 .’
3+ El 3*14000*1—12*800*5003

The total deflection is thus 25 + 12 = 37 mm.

Putting this back into the pile-formula to determine the fictitious stiffness of the pile:

F 1000

o 0.025 10012 = 27000 kN/m = 25000 kN/m

Yr =

This approximation is equal to pile-dimensions of 260 x 260 mm. Thus, the lay-out of the piles can be
found in Figure B-13 and their relative stiffnesses are as follows:

- 320 mm piles including beam: 25000 kN/m
- 350 mm piles: 5oooo kN/m
- 320 mm piles: 40000 kN/m

I 0 [ 35 I e

1 2 3

Figure B-13: Pile lay-out of normal inner cross-section

Based on these foundations, the centre of gravity can be determined, after which a relative moment
of inertia can be calculated. The reference-point is set at pile-group 1. Additionally, relative stiffnesses
are set for the piles to simplify the calculation. Thus, the calculation is as follows:

- Pile-group1: 1%0.5% 0 =0

- Pile-group2: 6 1% 4.8 = 28.8
- Pile-group3: 3x0.8 % 125 =30

- Total: 8.9 x X = 58.8

This results in a distance of 6.6 m from pile-group 1. With this information, the moment of inertia can
be determined:

I=1%0.5%6.6%+6%*1(6.6—4.8)2+3*0.8(12.5 — 6.6)?

The same is done for the strengthened inner cross-sections, of which the lay-out is shown in Figure
B-14.
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Figure B-14: Pile lay-out of strengthened inner cross-section

Thus, the calculation is as follows:

- Pile-group1: 1x0.5% 0 =0

- Pile-group2: 6 1% 4.8 =288
- Pile-group3: 3 %1% 125 =375
- Total: 9.5 x X = 66.3

This results in a distance of 7.0 m from pile-group 1. With this information, the moment of inertia can
be determined:

I=1%05%7.0%+6x1(7.0—4.8)%2+3*1(12.5 - 7.0)?

For the determination of the moment of inertia of the outer walls, the piles are spread along the cross-
section, as is shown in Figure B-15. The stiffnesses of these piles are as follows:

- 29omm pile: 32000 kN/m
- 320mm piles: 40000 kN/m

E a0 B3zn

% * % % % %

o.5m  16gm 1.65m 1.65m 1.65m 1.65m 1.65m 1.6m 0.5m
Figure B-15: Pile lay-out of outer cross-section
Thus, the calculation is as follows:

0.8 * (0.5) + 1.0  (2.15 + 3.8 + 5.45 + 7.1 + 8.75 + 10.4 + 12.0)
zZ = =

4
78 6.4m

This results in a distance of 6.4 m from the left edge. With this information, the moment of inertia can
be determined:

I = 0.64 * (5.9%) + 0.8 = (4.25% 4+ 2.6% + 0.95% + 0.7 + 2.352 + 42 + 5.6%)

As the wind-load will blow against the entire 40 m of the building, this width will be divided between
all relative stiffnesses:
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“Total” relative stiffness: I = 710 ... ... m*

125

Width taken by normal inner cross-section: 1 *40=7.0m
Width taken by strengthened inner cross-section: % *40=8.1m
Width taken by outer cross-section: % *40=4.9m

As an initial calculation, the wind load is simplified as ¢ = 1.2 * 1.07 =~ 1.3 kN /m?

This results in a total moment of:

Outer cross-sections: %* 4.9 % 1.3 %21.3% = 1445 kNm
Inner normal cross-sections: %* 7.0 % 1.3 * 21.3%2 = 2065 kNm

Inner strengthened cross-sections: %* 8.1+ 1.3%21.32 =2390 kNm

Which is equal to a total moment on the building of Y M, = 11800 kNm.

However, the ground floor only consists of columns in the inner cross-sections. As these structures
will not be able to transfer the moment to the ground floor, these loads have to be transferred by
shear forcesin the floor-elements. The magnitude of these shear forces are calculated in the following
part.

Wind load

Including additional regulations due to wind blowing around a structure, the total moment in the
strengthened inner cross-section is determined as My /,, o. Due to the restriction that no moment may
occur in the column, the shear force reactions by the floor are split into two parts:

- The shear balance, that balances out the vertical equilibrium;
- A(linear) moment reaction, that ensures that no moment occurs in the ground floor.

The shear balance is easily calculated by taking the loaded area per floor:
Fspear = 3.0% (1.3 x8.1) =31.6 kN

The total moment that needs to be balanced out can be calculated as follows:
Mijmo =18.0 % (1.3%8.1) (3.3 +9.0) = 2331 kNm

The required balance-forces can be found using the following equation:

15F, + 12 * 0.6F,, + 9 * 0.2F,, — 6 * 0.2F,, — 3 * 0.6F,, = 2331 kNm
Solving this resultsin F,, = 111 kN.

Combining both parts results in the total shear force reactions due to wind load, which is given in
Figure B-16.
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Figure B-16: Resulting shear forces due to wind-load

Skewness columns

This same calculation has to be made for the skewness of the columns. However, two important
differences are present:

- Skewness of the columns will not occur in the roof-structure, so only five floors will be loaded;
- The behaviour of the moment-forces are quasi-linear instead of linear (Mink, Discussion about
the Reinbouw mid-rise project, 2019).

As an initial calculation, it is assumed that the same load is applied in the case of the wind load. As
only 5 floors will resist this force, the total shear balance-force is equal to:

6
Fihear = 31.6 2 = 38 kN

The total moment that needs to be balanced out can be calculated as follows:
My jm o = 38 * (48+78+10.8+13.8+ 16.8) = 2052 kNm

The required balance-forces can be found using the following equation:

1
(12 +9)1.5F, + 6 % 7 Fy = 3 % Fy, = 2052 kNm

Note that this equation is based on the quasi-linear behaviour of skewness-forces.
Solving above equation results in F,, = 68 kN.

Combining both parts results in the total shear force reactions due to wind load, which is given in
Figure B-17.
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Figure B-17: Resulting shear forces due to skewness columns
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C. Appendix: Calculation weakened pile-foundations

In this appendix, the full procedure and calculation from Section 5.3 is shown. In SCIA, the full pre-
fabricated project of Lievense | WSP has been modelled, which is shown in Figure C-1. In this model,
self-weight loads are not placed onto the floors themselves, but instead applied directly on the
foundation springs. This will initially result in an equal sag of the full structure. However, changes in
the soil-stiffness will cause the changed flow of forces to be clearly visible.

This model has multiple functions. Firstly, it will be used to check if the assumptions from the hand-
calculations are correct. If thisis the case, the wind-load and their resultant shear-forces can be related
to the effect of weakened soil-areas in the foundation.

Figure C-1: SCIA model of the pre-fabricated project of Lievense | WSP

Verification of assumptions

Firstly, the most simple test to check if the structure behaves as one unit—and thus, linear —is to check
the deflection by a wind load. When loaded by only a wind load, the top view of the structure can be
found in Figure C-2. The contour-plot shows a complete linear deflection, verifying that the building
behaves a one unit.

24

uz [mm]

1
B2 00 6720 7200 e ls
417,00 672.00 672,00 572,00 &72,00 X 17,

20

1 15

850,00 1.0

0.0

-1.0
-1.5

| -20

2.2

Figure C-2: Deflection (u;) due to wind-load
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Additionally, if viewed from the top, the structure can be seen as a simply supported span, where the
wind-load is a distributed load on the “beam”, as shown in Figure C-3. The reasoning for this is that
only the edge-walls are able to resist shear-forces to the ground. All wind-loads on the inner walls
must thus be transferred to the outer walls. However, this essentially causes a bending moment with
compression at the top edge and tension at the bottom throughout the floors. This is also visible when
looking at the SCIA-model in Figure C-4.

This behaviour isimportant, as it shown the global behaviour of the structure. When viewing all floors
simultaneously as shown in Figure C-5, a clear change of sign in this “bending moment” can be found.
More importantly, the proportion of the normal stresses on the different floors are very close to the
proportion of shear forces in Figure B-16. This is another verification that the structure behaves
essentially as one unit, meaning the linear balancing-method can be used as relative values to
calculate the shear-forces that occur due to weakened foundation due to soil.

4,10
1
1

=}

NV -
R A . .1' .l' 1.'. l'.!.|l 1] l L] LA S B N T I 11 l L) I'll y_ ¥ T

~<:

A | A

Figure C-3: Simply supported beam-model from top-view
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Figure C-4: Visible "bending moment" from top-view
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Figure C-5: Proportion of "bending moments" in each floor

Effect of unit-walls

Weaker pile-foundations can cause both concentrated horizontal and vertical displacements. While
the horizontal displacements are mainly resisted by the floor-elements, the unit-walls are expected
to resist the vertical displacements. Still, as these displacements might be dependent on each other,
a stiffer unit wall might influence the loads on the floor-elements. In this part, the effect of the unit
walls on the general response of the structure is discussed.

As a comparison, two models are set up, possessing the same weakened pile-foundations. The
original situation including reaction forces without any weakened pile-foundations is given in Figure
C-6a. The reaction-forces with and without unit walls can be found in Figure C-6b and c respectively.
Here, it can be seen that a significant portion of the reaction forces are transported to non-weakened
pile-foundations when unit walls are applied. This means that the surrounding pile foundations help
resist the unequal deflection when unit walls are applied. As the goal is to find the worst-case scenario
with the highest deflections, it is more useful to not use unit walls in this calculation.

When looking at Figure C-7 and Figure C-8, it can also be seen that the “bending” behaviour of the
structure is also much more clear when unit walls are not applied. This observation is yet another
reason to use the alternative without unit walls, to simplify the calculation.
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Figure C-6(a-c): Pile foundation loads and responses with and without unit walls
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Load case: LC1 .00
Extreme: Global 80.00
Selection: All
Location: In nodes avg. on macro.
System: LCS mesh element

nx [kP

Figure C-7: Internal forces (ny) of the structure with unit walls
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Figure C-8: Internal forces (ny) of the structure without unit walls
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Determination characteristic shear-load

As mentioned before, the unequal soil-deflection causes significant shear-forces in the structure. In
this part, it is analysed in what case the highest shear forces occur. The magnitude of these shear-
forces are based on the theory explained in the last part, where the occurring "bending moments” in
the floors are translated into an additional “wind-load”, adding up to the expected shear loads that
occur in PCSPs.

Firstly, many different variations of unequal soil-deflections were checked. The following main
questions were asked:

- Which side of the structure causes the most “bending moment”, the gallery- or balcony-side?
- What size of weakened pile-foundation-groups causes the highest “bending moment”?

To keep a valid amount of different variations, pile-groups will only be weakened in rectangular pairs.
In the situation where the piles under the diaphragm-walls are weakened, a number of piles causing
an equal stiffness to the inner pile-groups are weakened.
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To answer the first question, different variations of weakened pile-groups were modelled. For each of
these, the middle two rows of pile groups were used for this comparison. The following variations
were modelled:

Two pile-groups at gallery-side (1)

Two pile-groups at middle (2)

Two pile-groups at balcony-side (3)

Four pile-groups at gallery-side and middle (1+2)
Four pile-groups at middle and balcony-side (2+3)
All six pile-groups (1+2+3)

oV H W NP

The weakened pile-groups per variation are shown numbered in Figure C-9.
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Figure C-9: Weakened pile-groups for first group of variations

The results of all 6 variations can be found in Figure C-10 and Figure C-11. For each result, the same
limits of the contour plot are used. It can be seen that variation 1 causes essentially no stresses.
Variation 2 and 3 do cause a significant bending moment in the structure, each in the opposite
direction of each other. Variation 4 causes the largest reaction of all variations, as this is the combined
response of both variation 1 and 2, which caused a bending in the same direction. Both variation 5 and
6 show an almost stable compression in the middle floor. As pile-group 1 from Figure C-g possesses
close to no stiffness, both variations act in a way that the two entire middle cross-section sag equally.
This causes no sideward deflection, but only downward, causing a compression force in the inner
floors instead. As the goal is to find the variation with the highest bending moment in the structure,
variation 4 is chosen as the governing situation. Now, it must be checked which grouping of pile-
groups in the width-direction causes the largest bending reaction.
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Figure C-10: Results from question 1: variation 1 to 3
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Figure C-11: Results from question 1: variation 4 to 6
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To answer the second question, the set of pile-groups in the width-direction that cause the highest
bending moments had to be found. As the diaphragm walls act as the supports in this case, these are
not included in the variations. Additionally, due to symmetry, some combinations don’t have to be
considered. Thus, the following variations were developed:

Two pile-groups of inner left side (1)

Two pile-groups of intermediate left side (2)

Four pile-groups of inner and intermediate left side (1+2)

Four pile-groups of both inner sides (1+3)

Six pile-groups of both inner sides and intermediate left side (1+2+3)
All eight pile-groups (1+2+3+4)

oV MW N R

The weakened pile-groups per variation are shown numbered in Figure C-12.
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Figure C-12: Weakened pile-groups for second group of variations

The results of all 6 variations can be found in Figure C-13 and Figure C-14. The results from these
variations are a bit harder to interpret, due to the effects of a sideways unequal deflection causing
significantly higher stresses at edges. However, the goal is still to find the linear bending moment
reaction. As can be seen in variation 1 to 3, the stress starts increasing non-linearly when getting closer
to the edge. These results seem more like a high reaction force instead of a bending moment.
Variation 4 has already been seen from question 1. However, when looking at variation 5, the results
show a high linear response at one of the pile cross-sections. Weakening all eight pile-groups in
variation 6 lowers the total bending response, as the building makes more of a global rotation instead
of causing a reaction moment. As the goal is to find the variation with the highest bending moment
in the structure, variation 5 is chosen as the governing situation.
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Figure C-13: Results from question 2: variation 1 to 3
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Figure C-14: Results from question 2: variation 4 to 6
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In order to calculate the shear-responses from each cross-section, the bending stresses in the floor
must first be calculated into a bending moment. From Figure C-14 - variation 5, the following bending
moments are found:

4
My, = o 80 * 5.252 ~ 1500 kNm

4
M; = - 100 * 5.25% ~ 1837.5 kNm

The moment from cross-section 1, 5 and 6 are assumed to be zero. The bending moment schema that
comes from these values is found in Figure C-15.

0 kNm 1500 kNm 1850 kNm 1500 kNm 0 kNm

N e e e—

\ 4

Figure C-15: Bending moments due to weakened pile-foundations

Based on these values, the resulting reaction forces from the cross-sections can be calculated:

1500
1= W =200 kN
1500 — 350
Fpq=——%—— =153 kN
350 + 350
F3’5 = T =93 kN

This means that 200 kN is the governing force on the top floor. As it has been confirmed at the start
of this appendix that the structure behaves as one unit —and as such linearly — the full shear force on
each floor can be calculated. From the model, it is given that the 1 floor has bending stresses of 60
kN/m instead of 200 kN/m. This results in a total response due to weakened pile-foundations and wind
loads as shown in Figure C-16. From this, it can be seen that the governing shear force in a floor-
element is equal to 312 kN.
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Figure C-16: Total shear values in floors
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