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Abstract

Hollow core slabs (HCS) are pre-stressed concrete elements, normally supported by steel or
reinforced concrete/pre-stressed concrete beams. Studies have shown that the deflection of the
supporting beam may be the reason for decreased shear capacity of the HCS, leading to
premature failure of the HCS. Since shear tension failure is a common failure in HCS, there is
a need for measures to prevent damage. There are measures to increase the shear capacity of
the HCS which have been tested in experiments by other researchers, which will be discussed

in this thesis.

When the supporting beam deflects, it also leads to a corresponding rotation in the connection
zone. Cracks may appear in the connection as a result of this, and in addition with shrinkage
and creep in the concrete, large cracks may form and damage the above flooring. Brittle flooring
material, such as ceramic tiles, easily crack when there is movement and cracking in the
structure underneath. Calculations will be done to analyze different measures to decrease the
cracking in the connection joints, and measures to limit the rotation in the support zone. The

results will be compared and analyzed to see the effect.

Steel fiber reinforced hollow core slabs have shown in studies, done by other researchers,
promising result when it comes to controlling the damages resulting from deflection in the
supporting beam. Since the HCS does not have shear reinforcement, the steel fibers would act
as shear reinforcement. Using fiber in the HCS also increased the flexural strength.
Filling the voids with concrete have shown in studies not to have as good effect as hoped, being

a questionable solution according to some studies.

When using brittle flooring materials in hollow core slab flooring systems, it is recommended
from calculations to use smaller spans, continuous supporting beams and thin HCS to reduce
rotation due to deflection of the supports. Adding extra reinforcement in the connection joint
has shown to be a good solution to control cracking. Normally reinforcement is not placed in
the connections to control cracking, however, results from calculations have shown this
measure have a positive impact on the crack width calculations, by decreasing the cracks up to
21,9%.
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Notations

Latin letters

Bw

Es
Ecm
Fem

chO

Fct,eff

K1

K>

Ks
Ks
Kt

RH
RHo

Sr,max

Width of the cross-section at the centroidal axis, allowing for the
presence of ducts in accordance with expressions (6.16) and (6.17) in
EC2.

Cover to the longitudinal reinforcement.

Expected deflection

Design value of modulus of elasticity of reinforcing steel

Secant modulus of elasticity of concrete.

Mean compressive strength

= 10MPa

Mean value of the tensile strength of the concrete at the time cracking is
expected to happen.

Second moment of intertia

A coefficient which takes account of the bond properties of the bonded
reinforcement.

= 0.8 for high bond bars

= 1.6 for bars with an effectively plain surface (e.g. prestressing tendons)
A coefficient which takes account of the distribution of strain:

= 0.5 for bending

= 1.0 for pure tension

=34

=0.425

A factor dependent on the duration of the load. K: = 0.6 for short term
loading. Kt = 0.4 for long term loading.

Span length

Ambient relative humidity (%)

=100%

First moment of area above and about the centroidal axis

Maximum crack spacing.

Crack width



Greek letters
a

Ags1

Ags2

=l /Ly, < 1.0 for pretensioned tendons.

A coefficient which depends on the type of cement.

= 3 for cement Class S

= 4 for cement Class N

= 6 for cement Class R

A coefficient which depends on the type of cement

= 0.13 for cement Class S

= 0.12 for cement Class N

= 0.11 for cement Class R

Total shrinkage strain.

Drying shrinkage strain.

Autogeneous shrinkage strain.

Mean strain in the concrete between cracks.

Mean strain in the reinforcement under the relevant combination of loads,
including the effect of imposed deformations and taking into account the
effects of tension stiffening. Only the additional tensile strain beyond the
state of zero strain of the concrete at the same level is considered.

Ratio of bond strength of prestressing and reinforcing steel

Stress in the tension reinforcement assuming a cracked section. For
pretensioned members, o, may be replaced by Ag,, the stress variation in
prestressing tendons from the state of zero strain of the concrete at the
same level.

Distance of section considered from the starting point of the transmission
length.

Upper bound value of the transmission length of the prestressing element
according to Expression (8.18)

Concrete compressive stress at the centrodal axis due to axial loading
and/or prestressing.

Bar diameter.

Bar diameter or equivalent diameter of the bar.

Biggest bar diameter.
_ 16d

5L
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Glossary

Transverse reinforcement
Longitudinal reinforcement
HCS

BB-B

BB-C

Concr. Inv.T.

S-value

Reinforcement going across hollow core slab joints
Reinforcement going along hollow core slab joints
Hollow core slab

Betongelementboka Bind B

Betongelementboka Bind C

Concrete inverted T-beam

Theoretically calculated crack width
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1 Thesis description

1.1 Introduction
Hollow core slabs (HCS) are pre-stressed concrete elements, normally used as floors and roof
in residential and commercial buildings. Steel or reinforced concrete/pre-stressed concrete
beams will act as a flexural support to the HCS and will deflect when load is applied. HCS will
fail when overloaded, and four principal modes in which the HCS fails are pure flexural failure,
anchorage (bond slip), shear compression and shear tension (web shear failure). The latter is
the failure mode mostly seen in HCS, and studies have shown that the deflection of the
supporting beam may be the reason for decreased shear capacity of the HCS, leading to
premature failure of the HCS. There are measures to increase the shear capacity of the HCS
which have been tested in experiments by other researchers. A summation of various studies

will take place, as well as a discussion in Chapter 6.

When the supporting beam deflects, it also leads to a corresponding rotation in the connection
zone. Cracks may appear in the connection as a result of this, and in addition with shrinkage
and creep in the concrete, large cracks may form and damage the above flooring. Brittle flooring
material, such as ceramic tiles, easily crack when there is movement and cracking in the
structure underneath. Calculations have been done to limit the cracking in the connection joints
using different measures, and to limit the rotation in the support zone. The results will be

compared and analyzed to see the effect.

12



1.1 Objectives of this thesis
The objective of this study is to carry out literature review on design guidelines for HCS, and
study research carried out from researchers regarding damages in HCS that can appear when

the supporting beams deflects, and possible solutions to avoid these damages.

Calculations are done in FEM-design to study the resulting effect from different measures to
reduce the crack width in the joint connections in HCS, as well as reducing the rotation in the

support.

1.2 Limitations

There are certain limitations attached to the calculation method and the results. First of all,
prestressing losses in the hollow core slabs were not considered in the calculations, nor were

prestressed concrete beams. Second of all, linear finite element analysis has been used.

13



2 Literature review

2.1 Pre-cast concrete members: Hollow Core Slabs (HCS)
Hollow core slabs are pre-stressed concrete elements used world-wide, normally used as floors
and roof in multistory buildings such as office- and business buildings, schools, and hospitals.
High tensile strength prestressed strands are placed within the element in the manufacturing
process, which prestresses the HCS-elements making an upward deflection, to minimize the
downward deflection when load is added to the HCS. How much prestressing is required, are

designed individually for every structure.

Hollow core slabs have many advantages and diverse application. Some of the advantages are
assured quality, quick and easy installation, excellent fire resistance, high load capacity and

rigidity, and reduced self-weight [1].

Hollow core slabs come in various span lengths, normally from five meters to 14 meters, and
the width is normally 1200mm. The most common thicknesses are 200mm to 320mm, but it
can go as high as 500mm. Normal supporting structures for the hollow core slabs are pre-cast

concrete beam, concrete wall and steel beams.
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Figure 2-1 Different cross-sections of hollow core slabs [2]
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The longitudinal voids in the HCS leads up to 50% reduction of concrete compared to a in situ
slab, and due to the lower self-weight, it cuts the amount of prestressing steel by 30% [1]. The
low weight cause smaller transport costs and easy on-site handling, and large production

volumes and the ability to move the casting bed after just 6-8 hours causes big money savings.

The hollow core slab is reinforced with high-strength steel strands that are pre-stressed before
the concrete hardened. Usual reinforcement is 7-wire strands 9.3mm diameter. The strands are
located as shown in Figure 2-2. Elastic modulus of the standard strands is 195GPa, compared

to regular structural steel which has an elastic modulus of 210GPa.

1200 'L
127.5 ) 9 | 189 * 189 * 189 l, 127.5 }

188 | 18
"_ ) O m I
- . - i |
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E s

220
150 25

45

182.5 187 187 187 187 | 1825 |as|

Figure 2-2 Reinforcement strands in hollow core slab [4]
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2.1.1  Application to buildings

There are guidelines and recommendations for hollow core slabs in matter of how to support it
on bearing structures. This applies to support length and necessary reinforcement in the
connection to ensure the HCS and bearing structures are properly attached.

Betongelementboka Bind B (BB-B) [3] and Betongelementboka Bind C (BB-C) [2] are used as
a guideline in this thesis when it comes to HCS connections. Betongelementboka is a
Norwegian special literature about precast concrete elements, which is a guideline made for
engineers, architects and others involved in the building projects. These books are also found

online.

2.1.1.1. Support of the hollow core slab
A proper support length is important to ensure loads applied on the HCS can be transferred to
the supporting structures without damaging the elements involved. BB-C suggest for concrete

flange beams (LB and DLB) and concrete walls, that the supporting lengths should be:

For HCS 200 — HCS 400: support width 110mm and joint 40mm
For HCS 500 - HCS 520: support with 150mm and joint 50mm

For steel beams:
For HCS 200 — HCS 340: support width 80mm and joint 30mm
For HCS 380 — HCS 520: support width 100mm and joint 40mm

Between the HCS and support there is a rubber band. This is to establish a connection with
room for movement. Read more about important qualities for connections in chapter 2.1.1.2.
Figure 2-3 and Figure 2-4 shows how to form a good connection between concrete wall/beam

and steel beams, respectively.
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2.1.1.2. Joints and connections
The connections and joints are responsible for strength and stability for precast structures [5].
It is necessary to establish the difference between a joint and a connection. A joint is the
interface or a purposely gap between two or more structural elements, where the action forces
such as tension, shear, compression, and moments may occur. A connection is an assembly,
involving one or more interfaces and parts of adjoining elements, designed to resist present
forces [6].

Connections and joint fail for many reasons, for instance due to
e Improper detailing of reinforcement in elements
e Inadequate design of precast element
e Type of concrete use and its mix design
e Low quality of material used at the time of production.

Other points may be low quality of material, wrong assembly, and ignorance by the workers

[5].

A connection should not be detailed in a singular matter, by only consider it as a detail. It should
be designed in a way that considers the global stability. All connections between precast wall
element and floor elements need to have a tensile force capacity, meaning that all the applied
reinforcement needs to have a sufficient anchorage. Connections should also have a ductile
behavior, giving the connection chance to have a relatively large plastic deformation before
failure. Figure 2-5 shows the mechanical behavior a connection should have, by withstanding

further deformation after concrete failure, rather than going straight into failure [6].

transferred force §

A w
= ———
Swax A — resistance Spax
| <
N | 1 N
¢ | > _ residual capacity S, | \ _____
77 T
strain energy Win
displacement u
T » M -
ultimate
displacement u,
Figure 2-5 Mechanical behavior of a structural connection Figure 2-6 Movement in the precast elements damaging the
can be characterized by a load-displacement relationship for connection [6]

the primary action [6]
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A connection must withstand movement in the system, otherwise there will be a risk of damage.
Examples of movement could be applied load, shrinkage and creep of the concrete, long-term

deflection, and temperature variation.

Problems that can occur in connections of precast elements.

Even though handbooks and catalogues have standard solutions for connections between HCS
and supporting beams/walls, they are not always optimal. One problem with precast elements
such as HCS, is that all the support are considered hinged. However, when there is for example
a bearing wall on top of the connection is clamps the ends of the HCS and restraining rotation.

This unintentional partial fixing can cause cracks and reduce shear capacity of the elements

(61171

Another reason for unintentional partial fixing is the location of the reinforcement in the
connection. Often voids in the HCS are opened, filled with concrete and reinforcement to
increase the shear capacity of the moment, or to withhold horizontal forces that flows through
the slab. The placement of the reinforcement should not be accidental, but as high in the cross
section as possible. The reason for this is that the reinforcement will absorb the tensile forces

as high in the connection as possible, leading to (most likely) less cracking of the concrete.
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Figure 2-7 Example of cause of unintended restrain in connection [6]
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Figure 2-8 Restraining of the connection, leading to a negative moment at the support [6]

Figure 2-8 illustrate cracking that may happen due to negative bending moment at support.

“fib: Guide to good practice” [6] explains some aspects that need to be considered when it

comes to the reinforcement in the connection zone:

e The reinforcement used for strengthening should be placed in the upper part of the
section in addition to the ordinary tie bars, which are placed in the lower part of the
section.

e The additional reinforcement bars should be anchored so that they are able to transfer
their yield load in the assumed crack section.

e The amount of reinforcement in the upper part should be limited so that no further
flexural cracks (from a negative bending moment) appear in unfavorable locations after

formation of the first crack in the preferred location. [6]
Another problem that may arise in the connection, is the possibility of concrete cracking before

the reinforcement has started to yield, making the structure brittle and delicate for failure. Using

smaller cross section and more tie bars, rather than big cross section is favorable.

20



2.1.1.3. Seam reinforcement
To connect the hollow core slabs to the supporting structure and connecting them to themselves,
calculations for required reinforcement needs to be done. The HCS works as a diaphragm for
the building, transferring horizontal forces that appear throughout the building and down to the
fundaments. Horizontal forces may be from wind or earth pressure acting on the outer walls, or
an earthquake. The connections must be strong and well planned to be able to resist these
horizontal forces, and it is important to understand how these forces flow through the

connections.

According to BB-C [2] there are three things to consider when reinforcing the connections:
anchoring in the ends of the HCS (in the voids and joints), anchoring the sides of the HCS and
dimension the entire slab for shear forces. The latter is dimension for shear forces when
considering all the HCS together as a slab, see Figure 2-9 for how the shear forces flow through
the slab.
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Figure 2-9 Shear forces in a slab [3]
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Anchoring in voids and joints

Required anchoring in the voids are calculated from local tensile forces, such as negative
pressure from wind. It is possible to anchor for these forces in the joints, in the voids or a
combination. It is done by opening one or more voids, placing reinforcement, then place
concrete. How much reinforcement is needed, depends on the magnitude of the present force,
and the capacity of the anchoring. See Appendix A for tables describing the maximum

anchoring of reinforcement steel bars in joints (Figure 9-1) and in voids (Figure 9-2).

BB-C [2] states that long anchoring and high steel stresses have problems mobilizing the big
anchoring length before failure in the first canal. Therefore, the steel stresses need to be reduced,

ensuring small strains. It is recommended to use 2/3 of the steel capacity, meaning f,4 =

291

This means that the calculated required reinforcement will be higher than before.

N
mm2’

Figure 2-10 Example of reinforcement in the connection between hollow core slab and supporting beam [8].
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Shear reinforcement for the slab

To ensure the slab work as a tall beam [3], reinforcement for the shear forces working in the

slab needs to be calculated. The magnitude of the horizontal forces can be very high, due to

forces created by earthquake.

Calculating shear in connections is done by equation:

M
V=nsps(s-2)

Equation I: Shear force in diaphragm

n is the number of joints with longitudinal

reinforcement.

U is a factor dependent on the surface.
S is the longitudinal force.
M/z is moment generated in the connection divided

by the moment-arm z.
See Appendix E for tables explaining the given

values.
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Figure 2-11 Horizontal forces in hollow core

system [2]

Some examples of regular seam reinforcement are given in the Appendix E. This is used as a

guideline in this thesis, as there is not going to be calculations of required reinforcement due to

horizontal forces.
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2.2 Damages in Hollow Core Slabs

2.2.1 Failure modes
Walraven and Mercx from Delft University in the Netherlands [9] gathered information of two
series of tests that were carried out: in 1979 there where twelve tests performed, and in 1981,
where thirty tests were performed. They observed the failure modes, and therefore determined
four principal modes in which the HCS fails:

e Pure flexural failure
e Anchorage failure
e Shear tension

e Shear compression

Pure flexural failure

This is a failure mode due to behavior in bending, and the reason for this failure is cracking in
the tension areal. The cracking is severe due to the small cross-section of the steel strands. This
is a common failure type for HCS with uniformly distributed load, that have reached the

ultimate load. Figure 2-13 illustrates the flexural cracks.

Anchorage failure

Anchorage failure is also a failure mode due to behavior in bending, also called bond slip. The
reason for this failure mode is the steel strands in the HCS which have lost the sufficient
anchorage grip due to cracking in the HCS have reached too near the support. When the strands
lose their anchorage grip, the strands slip and the concrete will collapse in this cross-section.

Figure 2-12 illustrates the crack that develops.

Shear tension failure

Shear tension failure, also called web-shear failure is a failure due to behavior in shear. When
the tensile stress becomes too high near the supports in the uncracked section, an inclined crack
occurs and propagates both in the upward and downwards direction resulting in failure. Figure
2-15 illustrates the damage that occur from this.
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Shear compression failure
This failure mode is also due to behavior in shear. Flexural cracks can develop into shear cracks.

An increase of the load can subsequently result in failure of the compression zone, by crushing

or by splitting. Figure 2-14 illustrates the damages.

Figure 2-13 Pure flexural failure [9]
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Figure 2-15 Shear tension failure [9] Figure 2-14 Shear compression failure [9]
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Cracking in HCS can reduce the shear capacity, expose the steel reinforcement leading to
corrosion, affect the load distribution, or even lead to failure. Cracks in the anchorage zone
can be harmful since they have a great impact on bonding of the prestressing tendons. Tensile
forces as bursting, splitting and spalling are the general reasons for cracking in the

transmission zone [10].

This thesis is focusing on damages in the HCS due to deflection of the supporting beam.
Many studies have shown that deflection of the supporting beam may decrease the shear
capacity of the HCS, and since the shear failure is shown to be the dominant failure in many
experiments, this is an important factor to investigate. The shear capacity calculations have
shown to overestimate the shear capacity of the HCS, and it is believed that it has to do with
the fact of not considering the extra forces and stresses appearing in the HCS due to flexural
support. The following chapters will go over various research done by other researches to

investigate this problem, and what measure are done to control this type of damage.
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2.2.2 Shear tension failure

2.2.2.1. General

When a hollow core slab suffers from shear tension failure, an inclined crack appears near the
support, see Figure 2-15. This is caused by diagonal shear tension. The hollow core slab does
not have shear reinforcement and the support length is short. The shear strength of HCS is
decided by the web-shear capacity at the ends, meaning the shear capacity of the member is

defined when the cross-section reaches the cracking strength of concrete [11].

Tawadrous and Morcus specifies factors that can affect the web-shear strength of HCS [12]:

Load and support configuration
e Shear span-depth ratio (a/d)

e Prestressing level

e Concrete compressive strength
e Geometry of cross section

e Overall unit depth

Failure from immediate rupture may happen in the webs of HCS when the tensile stress
becomes too high in the region uncracked in bending. The prestressing force is not fully
developed in this region, leaving the vertical stresses only to the concrete in the HCS.

Shear tension failure occurs of the tensile stress in the concrete reaches a critical value, i.e.

tensile strength [7].
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The shear tension failure occurs in the area uncracked by bending. An area uncracked by
bending is a defined area in the HCS near the support, where the flexural cracking from bending
do not occur. According to BB-C, the |1 is a place between 4xh and 5xh, where the h is the
height of the HCS.
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Figure 2-16 Area uncracked by bending [2]

Studies have shown when the HCS are placed on flexible support, in this context means beams
that deflect, it is seen that the shear capacity calculations according to EC2 gives a too high
value. There can be seen a shear reduction in the HCS, as various studies have seen
[13][14][16][17]. The following chapter will explain how to calculate the shear capacity of the
HCS, as well as the reasons for why the shear capacity calculations on flexural supports may

be overestimated.
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2.2.2.2. Shear capacity calculation of hollow core slab

There are two things to consider when calculating the shear capacity of HCS. First is the shear

capacity of the HCS itself, and second is the shear capacity of the concrete filled joints.

To calculate the shear capacity of the hollow core slab, EK2-1-1 [15] clauses 6.2.2 and 6.2.3
are used. Since the HCS does not have shear reinforcement and the area near support is
considered an uncracked by bending, section 6.2.2 (2) equation 6.4 is used to calculate the shear

capacity for the HCS.

- I*bw 2
Verp,e = — F \/fctd + a0 * feea

Equation I1: Shear resistance in regions uncracked by bending

I is the second moment of inertia
bw is the width of the cross-section at the centroidal axis, allowing for the

presence of ducts in accordance with expressions (6.16) and (6.17) in

EC2.
S iIs the first moment of area above and about the centroidal axis
a = L/l < 1.0 for pretensioned tendons.
L, is the distance of section considered from the starting point of the

transmission length.

Lotz is the upper bound value of the transmission length of the prestressing
element according to Expression (8.18)

Ocp is the concrete compressive stress at the centrodal axis due to axial

loading and/or prestressing.
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The reason for premature shear tension failure, may be the shear capacity calculation being
overestimated for HCS on flexural support. Studies have shown that Equation Il in fact is
overestimated. Walraven and Mercx [9] performed 41 tests on HCS, and from this it was
introduced a reduction factor for the shear capacity, due to premature failure. The paper claimed
the reasons for why the shear capacity is overestimated could be:
e Concrete quality differs throughout the member, leaving the shear capacity to the
weakest section, which could be very small.
e The biaxial tension-compression stress combination may result in a reduced tensile
strength.
e The usage of prestressing fore at the inner edge at support (it is shown that the
prestressing forces are weaker near the support)
e The period between the start of a test and failure is some hours. It is known that the
tensile strength decreases under sustained load, which could even after a short time

result in lower strength [9].

Derkowski [16] introduces a model by Roggendorf, where the equation for shear capacity of
HCS on flexible support is extended by the components of stresses, including cracking in the
joint and their consequences. It is important to consider this because when cracking in the
interface between the beam and HCS occurs, or HCS and filling concrete, it increases the
deflection of the beam. This leads to an increase in the cracks of the joints, creating a
compression force c¢ in the upper elements, which again creates moving of the slabs in
longitudinal axis of the beam, creating transverse stresses. Equation Ill presents how the
components of stresses, including cracking in their joint and their consequences are introduced

in the standard equation from EC2:

2
I, * by, d1 * Ocq
Veda.ctow = f * 4 *(|f2y— 0y *0cq * fora —| [1— xk, *T -, * Tepg
Rd.ct.bw Sy*(l‘l‘acomp*ﬁf*kl,c*m*.u) ctd 1 [ ct, Fora v *T2c p *Tep

Equation I11: Reduction of the shear capacity for regions uncracked by bending

Without explaining all the factors, it is seen that the addition of the components of stresses will

decrease the calculated shear capacity.
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In addition to calculating the shear capacity of the HCS, the shear capacity of the interface

between concrete should be calculated.

According to EC2-1-1, the capacity of the interface between concrete cast at different times can

be calculated from clause 6.2.5, equation 6.25 (see Equation (5)). Following should satisfy the

equation:
Vgai < VRdi
S BVeq
Edi 7 % bl

Equation 1V: Design value of the shear stress

B is the ratio of the longitudinal force in the new concrete area and the total
longitudinal force either in the compression or tension zone, both calculated for

the section considered.

Vea is the transverse shear force.
z is the lever arm of composite section.
VRdi is the design shear resistance at the interface and is given by:

Vnai = C % fura + 1 * O + p * fya (i * Sint + cosa) < 0,5 x v * fog

Equation V: Design shear resistance at the interface

cand u are factors which depend on the roughness of the interface.
feta is dimensioning tensile strength of concrete.
Oy stress unit area caused by the minimum external normal force across the interface

that can act simultaneously with the shear force, positive for compression, such
that o,, < 0.6f,4 and negative for tension. When a,, is tensile ¢ f,.,; should be

taken as 0.

p = Ag/A;
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A is the area of reinforcement crossing the interface, including ordinary shear

reinforcement (if any), with adequate anchorage at both sides of the interface.

A; is the area of the joint.
a is defined in figure 6.9 in EC2-1-1.
v is a strength reduction factor (see EC2-1-1 clause 6.2.2 (6)).

The EC2-1-1 clause 10.9.3 (12) states

In diaphragm action between precast slab elements with concreted or grouted
connections, the average longitudinal shear stress vgg4; should be limited to
0.1MPa for very smooth surfaces, and to 0.15MPa for smooth and rough

surfaces. See 6.2.5 for definition of surfaces.

These values are very low, and the reason according to BB-B [3] is the insecurity with cracking

in joints, because slabs have prevented possibilities for contraction.
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2.2.3  Consequences for large deformations in the supporting beam.
A topic that often arises when looking at the effect of deflection for the supporting beam of
hollow core slab is reduction of the shear capacity of the HCS. When HCS are supported on
beams, the beams and the slabs deflect, subjecting the HCS to both vertical and transverse shear,
called interaction effect. This effect may lead the webs in the slabs to fail near the support [13]

Pajari [17] performed test on 20 hollow core slabs between the years 1990 — 2006, with different
dimensions for the HCS and supporting beam, different load distributions and some of the HCS
were strengthened with concrete filled in the voids. The experiments showed that the HCS went
to shear tension failure before the deflection of the supporting beam reached the allowed
deflection. Shear resistance have been proven to lose 23-60% shear resistance due to deflection
of the supporting beam. Deflections as small as L/1000-L/300 have shown to cause considerable
reductions in shear resistance in the HCS with strengthened slab ends [13].

Large deflections of supporting beams have also shown to increase the risk of longitudinal
cracking of the slabs supported in the middle of the beam (where the deflection is greatest) [14].
Longitudinal cracking can appear at the voids and at the web. These types of cracking can

influence the load distribution for concentrated loads for slabs without concrete screed.

In addition, large deflections of the supporting beams cause rotation in the
supporting/connection zone, leading to cracks in the concrete. These cracks can move upwards
in the added flooring on the slabs, damaging the floor. For brittle floor finishes such as ceramic
tiles, rotation and movement in the structure below leads to stresses in the floor and cracking

the tiles. This topic is more described in chapter 2.2.4.

However, there are other parameters to consider when looking at reduction in shear capacity
due to deflection of the supporting beam, and the decrease in shear strength is not entirely
connected to the deflection in the supporting beam [14][12].
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Figure 2-17 Stresses in hollow core slab on flexible support [10] .

Supporting structures have restrictions to how much deflection is allowed. The maximal

allowable deflection of supporting structures is according to EC2 clause 7.4.1 (4):

The appearance and general utility of the structure could be impaired when the
calculated sag of a beam, slab or cantilever subjected to quasi-permanent loads

exceeds span/250.

BB-C have their own guidelines for allowable deflections for supporting structures for HCS,
and because of the reduction of the shear capacity in the HCS due to deflection, other limits are
considered for HCS [2]:

e When the deformation of the beam is less than L/350, the shear capacity can assume to
be intact.

e The shear capacity of the HCS can assume to be 50 % reduced if the deformation of the
beam is 1/150

e The value above can interpolate.
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2.2.3.1. Recommended solutions to increase the shear capacity.
This chapter will undergo some of the solution for how to increase the strength of the cross-
section of HCS near the support. Some of the solutions are from the BB-C, and others are from
researchers. Mainly for these solutions, is to strengthen the shear capacity of the member in the
uncracked zone, due to this being a weak point.

Concrete filled voids

Filling in the voids with concrete can reduce the chance of failure due to shear stresses, reason
being it gives the HCS more shear strength in the uncracked zone, by increasing the amount of
concrete in the cross-section. The uncracked zone is assumed to be the distance 11 from the
support (approximately 4xh to 5xh) [2]. Figure 9-3 in Appendix A shows the increase in shear
strength when filling in the voids according to the BB-C. The increase in shear strength is
showed by the equation:

2
AVRd,c = (5) nbedfctq

Equation VI: Shear strength calculations for concrete filled voids
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Figure 2-18 Cross-section of a hollow core slab [2].

According to some studies [18][19], it has been observed increased web-shear strength of core
filled specimen. Palmer and Schultz commented in one case where it was only 50% as efficient
as the rest of the cross section in resisting web shear [18]. Why this was the case, could be the
loss of prestress due to anchorage loss for the strands if the HCS webs fail before the filled
cores. The papers stated that it was unclear whether it applies to HCS generally or just in this
case. Hegger observed no increase of the shear capacity for concrete filled voids for slim floor
constructions, however it was indicated that shear deformation resistance may be developed

[14].
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Using fiber-reinforced concrete

Using steel fiber in concrete is a normal practice with many advantages, such as control
cracking due to plastic and drying shrinkage, and making the concrete more ductile, leaving

room for more displacement after cracking instead of going straight to failure.

Cuenca and Serna, Chao, Dudnik and Palmer and Schultz did experiments with adding steel
fibers to the HCS [20][21][18][29]. Adding of steel fibers have shown to improve the shear
capacity compared to HCS without steel fibers. In addition, it also increased the elements
strength in flexural capacities. Palmer and Schultz observed fibers that were still engaged in a

wide crack, suggesting the fibers has a big role in the strength mechanism of the HCS.

It was possible to produce fiber-reinforced concrete without technical problems [20]. Due to
the impossibility of using transverse reinforcement in hollow core slabs, the usage of steel fibers
is a clever way to strengthen the shear capacity. The increased tensile strength means greater
web-shear strength, and the fiber reinforced specimens had the largest web-shear strength.

Some problems with this method are steel fibers poking out of the HCS. This means a levelling
layer must always be applied to smoothen out the fibers. Also, the test specimen where wet
cast, compared to normal HCS which is normally dry cast. This means adding of steel fibers

would change the whole casting process of HCS casting distributers.

Figure 2-19 Steel fibers in hollow core slab [20].
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Cross-section and material

Hollow core slabs come with different shapes for the voids, either circular or square-like.
According to shear capacity calculations in BB-C, the higher by value, the higher the shear
capacity. Circular voids have higher shear capacities compared to square-like voids, but it

increases the HCS deadload.

The formula for shear resistance according to BB-C [2]:

Vide = 1,025 # by,

Equation VII Shear calculations from BB-C

The formula is from EC2 section 6.2.2 (2) equation 6.4, but with following assumptions:

o = 0and I/S = 0,67*h for rectangular cross-section, b, = t, + t, and f;;q = 1,53MPa (for

normal HCS with concrete strength class B45).

A study concluded with the circular core shape had ultimate strength greater than the square
shape by 13,4%, and when increasing the compressive strength of the concrete from 38MPa to
48MPa increased the ultimate strength in the HCS by 23,6% [22]. From Equation VI it is seen
that the shear capacity also relies on the concrete strength, meaning the shear strength also

would get an increase by increasing the compressive strength.
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Figure 2-20 Different shape of cross-section in hollow core slab [2]
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2.2.4  Damages caused by rotation in the support zone

Tiles are a commonly used flooring, but it comes with challenges regarding rotation and
deformation of the structure. Ceramic tiles are a brittle material that cannot absorb rotation or
much movement. This means measures needs to be done to ensure the floor is flowing almost
freely from the structure movement, by building a multiple leveled floor or restricting the
movement in the structure. The Masonry Catalogue Guidelines P14 [23] will be used as a
guideline for limits in the structural movement to avoid cracking of tiles. Only this will be

considered, as other guidelines regarding this topic were not found.

Figure 2-21 Cracking in tiles [23]

Figure 2-22 Picture from a local shopping mall, where cracking in tiles could be due to structural movement.
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The deformation over a support zone causes a rotation, which results in a crack in the

longitudinal joints between the hollow core slabs as in 2S, and this value are calculated using
Equation VIII:

S = H(hD + hNA)
Equation VIII: S-value

Where:
0 =16d/5L
d = expected deflection

L = span

Neutral axis

Figure 2-23 Element rotation at support [23]

It is recommended for the estimated total end rotation from 50% loading (imposed load) and
deformation over long time should not exceed 2mm. This means a total deformation should
stay within L/1200 for beam, except for inverted t-beams.

The masonry catalogue describes in three ways how the rotational movement can be absorbed
[23]:

e Using movement joints

e Using concrete topping on the antifriction layer

e Combination of the two above
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Figure 2-24 Cracking pattern in hollow core slab. The lines indicate where cracks most likely happen [23].

Suggested solutions to do in floor structure to avoid cracking

1 Different floor constructions
The Masonry catalogue [23] suggest different floor constructions to restrict the tiles from
cracking. The choice depends on the individually need. The different floor constructions are
listed:

e Tiles are fastened directly to the levelled floor. This is also called firm anchoring.

e Tiles on a base that is separated from the floor slabs with an antifriction layer and

concrete topping, also called a floating floor.
e LFF-method. A floating construction with a thin antifriction layer.

e Tiles on elastic support (tension release mats).

Fasten the tiles directly to the levelled floor means that any deformation and rotation in the
supporting structure will be transferred to the tiles. Movement joints are important to use, and
placing them right to avoid unexpected cracking of the tiles.

Tiles separated from the floors with an antifriction layer ensures the base and tile layer can be
able to move independent of one another. The antifriction layer is two layers of 0.15 mm plastic
foil, or a combination of the foil and a fiber material.

An alternative method for floors with antifriction layers is the LFF-method (Thinly constructed
floating floors). The layers in this constructure can take up to 90% of the shrinkage of the screed,
and a resistant glass fibre net is laid in addition to the fibres with an overlap in the joints. This
should ensure the floor to move freely during and after the curing period.
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Tensile release mats prevent tension between the tiles and base. Spacers create a gap with the
base and gives the grouting an opportunity to dry out, so that it is possible to start gluing the
tiles before the concrete has reached its final humidity level.

2 Movement joints

Movement joint can prevent cracking of the tiles, leaving room for the tiles to move a little bit.
Precast concrete with screed will have shrinkage up to 0,6-0,8% during the first month because
of the drying of concrete. Stresses occurs between the tiles because of shrinkage, creep and

temperature variation of the concrete.

Movement joints can be placed in edge joints, section joints, support joints and construction
joints. The distance between movement joints can be calculated due to the shrinkage process

and sudden temperature changes.

Figure 2-25 Movement joint in a local shopping mall.
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2.3 Crack width
2.3.1 General

Cracks in concrete will occur due to applied loading and drying shrinkage and creep. Since
concrete has low tensile strength and tensile capacity, reinforcement is added to control the
tensile behavior and limit crack widths. One needs to calculate the crack width to prevent
damaging the function and durability and giving the concrete an acceptable look.

Big crack widths can accelerate the reinforcement corrosion. In severe environments, such as a
pool, there are strict requirements for the crack width to protect the reinforcement from the
harsh environment [15].

Neglecting the effects of creep, shrinkage and cracking in concrete, the analysis can lead to
miscalculations of crack widths, deflections, and support reactions. It is therefore important to

consider these factors when dimensioning with reinforced concrete structures.

2.3.2 Crack width calculation

In Eurocode 2-1-1 clause 7.3.1 (9):
Crack widths may be calculated according to 7.3.4. A simplified alternative is to limit

the bar size or spacing according to 7.3.3.

Section 7.3.4 is a guide to direct calculation of the crack width, and clause 7.3.3 is crack width

calculation without direct calculations.
EC2 gives a maximum value of crack width, w,,,,, from clause 7.3.1 (5) based on the exposure

class of the concrete, as well as the reinforcement type. Allowable crack width is calculated
according to table NA.7.1N in EC2.
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Table 1 Allowable crack width

Exposure class Reinforced members and prestressed | Prestressed members with  bonded
members with unbonded tendons tendons
Load combination Limit value Load combination Limit value
X0 Quasi-permanent 0,4 Quasi-permanent 0,3 ke
XC1, XC2, XC3, XC4 Quasi-permanent 0,3 k¢ Quasi-permanent 0,2 k¢
Quasi-permanent 0,2 k¢
XD1, XD2, XS1, XS2 Quasi-permanent 0,3 k¢ Quasi-permanent Pressure relief?
XD3, XS3 Frequent load 0,3 k¢ Frequent load Pressure relief?
XSA Assessed separately Assessed separately

The crack width must be controlled for all reinforcement in both directions.

EC2 clause 7.3.4 shows the calculation of the crack width wk. This crack width calculation is

extensive, and a lot of assumptions and simplifications needs to be done. Following equations

are used to calculate the predicted crack width:

Wy = Sr,max(ssm - Ecm)

Equation 1X: Crack width calculation

Srmax = ksc + k1k2k4§0/pp,eff

fct,eff
Us_ktw(l"'“epp,eff)

& — & = I
sm cm Es - Es
_ AgHIixApt
Pp.eff Aeerr
= (g%
& 3 o,
ES
A, =
¢ Em
Wi crack width
Sr,max is the maximum crack spacing.
Ecm is the mean strain in the concrete between cracks.
Esm is the mean strain in the reinforcement under the relevant combination of loads,
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including the effect of imposed deformations and taking into account the effects
of tension stiffening. Only the additional tensile strain beyond the state of zero
strain of the concrete at the same level is considered.

is the stress in the tension reinforcement assuming a cracked section. For
pretensioned members, o, may be replaced by Ao, the stress variation in
prestressing tendons from the state of zero strain of the concrete at the same
level.

is a factor dependent on the duration of the load. K; = 0.6 for short term
loading. K; = 0.4 for long term loading.

is the mean value of the tensile strength of the concrete at the time cracking is
expected to happen.

is the bar diameter.

is the cover to the longitudinal reinforcement.

is a coefficient which takes account of the bond properties of the bonded
reinforcement.

= 0.8 for high bond bars

= 1.6 for bars with an effectively plain surface (e.g. prestressing tendons)

is a coefficient which takes account of the distribution of strain:

= 0.5 for bending

= 1.0 for pure tension

3.4

0.425

is the design value of modulus of elasticity of reinforcing steel

is the secant modulus of elasticity of concrete.

is the biggest bar diameter.

is the bar diameter or equivalent diameter of the bar.

is the ratio of bond strength of prestressing and reinforcing steel
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3 Materials
3.1 Concrete

3.1.1 General

Concrete is a material commonly used for construction work in buildings due to its strength,
how easy it is to create and form into shapes and sizes. If correctly designed, the structure can
face earthquakes, hurricanes, and tornadoes [24]. Concrete is made from cement, aggregates
(sand and gravel), water, and additives. The mixing proportions between these can determine a

certain strength class and workability of the concrete.

The compressive strength is one of the most important quality criteria for concrete. Properties
of concrete are often expressed in compressive strength in codes and design rules. Rules for
material composition have therefore also mainly been related to strength. The definition of
strength is given by force divided by area, on a 100 mm x 100 mm cylinder: fx = F/A. For fex
= 35 N/mm?the strength class is B35 [25].

Concrete is strong in compression but weak in tension. To strengthen the concrete in tension,
reinforcement is added, which as a high tensile strength. The adding of reinforcement also helps

controlling the crack width in the concrete.

Hollow core slabs are usually strength class B45, and the concrete for filling voids are usually
B25 - B35.
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3.1.2  Creep and shrinkage
The creep and shrinkage of concrete depends on the ambient humidity, the dimension, and the
composition of the concrete. Following is explanation of these two phenomena, and how to

calculate them according to EC2-1-1.

Concrete influenced by compression over a period will keep deforming additional to the
momentaneous deformation when the load is applied. This additional deformation is called

creep [28]. Creep is dependent on the magnitude of the load, and the time the load is applied.

Creep can be defined as:

O¢
t'(:CC(t! tO) = (P(t» tO) * E_

c

Equation X: Calculation of creep

Where:

t is the age of concrete in days.

To is the concrete age when load is applied.
o(t, ty) is the creep coefficient.

Ec is the tangent E-module of the concrete.

Figure 3-1 Creep in concrete
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The creep coefficient can be calculated using this formula from EC2-1-1 Annex B — Creep and
shrinkage strain:

@(t, to) = o * Bc(t, to)

Equation XI: Creep coefficient

©o = Qru * B(fem) * B(to)

RH
Qpy = [1 + 011 §J°°_ for fcm < 35MPa
1 RH
Ory = [1_|_01 gJOO_*al * o, for fom > 35 MPa
168

B(fem) =

B(to) = m
24

ho -

(t- to)

By = 1.5[1 + (0.012RH)8]h, + 250 < 1500 for fom < 35
By = 1.5[1 + (0.012RH)®]hy + 250a; < 15000 for fom > 35

35 0.7 35 0.2 35 0.5
a;=|—| ay=|—| az3=|—
S 7 fcm] > fom
PrH is the notional creep coefficient.
RH is the relative humidity of the ambient environment in %.
Fem is the mean compressive strength of concrete in MPa at the age of 28
days.

47



B(ty) is a factor to allow for the effect of concrete age at loading on the notional

creep coefficient.

Ho is the notional size of the member in mm.

Ac IS the cross-sectional area.

U is the perimeter of the member in contact with the atmosphere.

B(t, ty) is a coefficient to describe the development of creep with time after
loading.

T Is the age of concrete in days at the moment considered.

To is the age of concrete at loading in days.

t-to is the non-adjusted duration of loading in days.

Bu is a coefficient depending on the relative humidity (RH in %) and the

notional member size (ho in mm).

(123 are coefficients to consider the influence of the concrete strength.

Shrinkage is a result of drying of the concrete, and is independent of the loading, unlike creep.
Shrinkage consists of two contributions: drying shrinkage €4 and autogenous shrinkage €ca.
[25]. Drying shrinkage is a result of moisture transport through hardened concrete and is
developing slowly, while autogenous shrinkage develops with the concretes strength
development. EC-1-1 clause 3.1.4(5) describes how to calculate the total shrinkage strain with
the following formula:

Ecs = €ca T Eca

Equation XII: Total shrinkage strain

EC2-1-1 describes in Annex B.2 how to calculate the drying shrinkage:

€cs0 = 0,85((220 + 110a451) * exp (_adsz * ]{C_m)] *107° * Bry
cmo

Equation XI1I Drying shrinkage
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ch

cho

Xgs1

Xgs1

RH
RHo

is the total shrinkage strain.

is the drying shrinkage strain.

is the autogeneous shrinkage strain.
is the mean compressive strength

=10MPa

is a coefficient which depends on the type of cement.

= 3 for cement Class S

= 4 for cement Class N

= 6 for cement Class R

is a coefficient which depends on the type of cement
= 0.13 for cement Class S

=0.12 for cement Class N

= 0.11 for cement Class R

is the ambient relative humidity (%)

=100%
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3.1.3

Durability and cover

The durability of concrete is taken care of in the standards by defining requirements to exposure

classes, durability classes, a combination of exposure classes and durability classes, chloride

classes, classes for concrete cover, structural design and detailing, execution of the work,

control, supervision and inspection, and special measures (stainless steel, coating) [25]

To meet certain criteria of the EC2, the concrete should meet the dimensional service life, as

well as be able to face the environment it is placed, to handle such as humidity, frost, chloride

etc. To manage this, the concrete is constructed after the exposure classes from EC2 Table 4.1.

The exposure classes can be split into 6 groups, and Table 2 describes 2 of them:

Table 2: Exposure classes [15]

Class designation

Description of the environment

Informative examples where exposure

classes may occur

1 No risk or corrosion

or attack

X0

For concrete without reinforcement or
embedded metal: all exposures except
where there is freezing/thaw, abrasion or
chemical attack.

For concrete with reinforcement or

embedded metal: very dry.

Concrete inside buildings with very low

air humidity.

2 Corrosion induced by carbonation

XC1 Dry or permanently wet Concrete inside buildings with low air
humidity.
Concrete permanently submerged in
water.

XC2 Wet, rarely dry Concrete surfaces subject to long-term
water contact.
Many foundations.

XC3 Moderate humidity Concrete inside buildings with moderate
or high air humidity.
External concrete sheltered from rain.

XC4 Cyclic wet and dry Concrete surfaces subjected to water

contact, not within exposure class XC2.
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A minimum concrete cover shall be provided to ensure safe transmission of bond forces, an
adequate fire resistance and protection of the steel against corrosion. The latter being the most
important factor. The more aggressive the environment, the more cover needed. The cover is
dependent on the national measures, exposure classes and the diameter of the reinforcement.

The cover is calculated using equation 4.1 in EC2 clause 4.4.1.1:

Cnom = Cmin + ACqeyp

Equation XIV: Cnom calculation

Where Acge,, = 10mm according to NA.4.4.1.3 (1).

Cmin = Max (cmin,b; Cmin,dur’ 10)

Cmin,p — Max (@5 10)

Chin,dur IS obtained from table NA.4.4N in Eurocode 2.

Table 3: Crindur [15]

Exposure class Durability class Crmin,gur (in Millimeter)
50 years design life 100 years design life

X0 M90 Crmin,b Cmin,b

XC1 M60 15 25

XC2, XC3, XC4 M60 25 35

XD1, XS1 M45 40 50

XD2, XD3, XS2 M40 40 50

XS3 M40 50 60

For exposure class XC1 with reinforcement @12:
Cminp = Max(@s; 10) = 12mm

Cmin = maX(Cmin,b; Crmin,durs 10) = 15mm

Cnom = Cmin + ACgery = 15mm + 10mm = 25mm

The reinforcement should have a cover of 25mm in concrete inside buildings.
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3.2 Reinforcement
Concrete is strong in compression, but weak in tension. Adding reinforcement strengthens the
concrete in tension, making a more ductile material capable of deformation, and getting smaller

crack width.

The reinforcement should have a sufficient ductility, which is defined as the ratio between the
tensile strength and yield strength. The characteristic yield strength of the reinforcement fyx is
500MPa. According to Eurocode 2, a dimension yield strength should be used, and is found

with this equation:

fyk
Vs

Equation XV: Dimension yield strength

Where s is the material factor 1.15. This gives us the dimensioning yield strength:

B 500MPa

fyd = ? = 434,8MPa

However, as mentioned in Chapter 2.1.1.3, reinforcement used in the voids and joints of HCS,

should have the dimensionin yield strength limited to 2/3:

fya = 291MPa
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4 Structure analysis modeling

4.1 FE-analysis using FEM-design.
FEM-design is an advanced modeling software for finite element analysis and design of load-
bearing concrete, steel, timber, and foundation structures according to Eurocode with NA. The
structural model is easily created in 3D with intuitive CAD-tools or imported from BIM-
software. Results are shown in a variety of 3D-graphs, contour lines, color palettes or sections.

It is a very popular calculation program used by engineers [26].

4.2 Modeling in FEM-design
The modelling process are shown in the flow chart below. For a more detailed review of the
modelling process, as well as the dimensions for used beams and hollow core slabs, see

Appendix D.

<f Geometry %> <: Material properties ,:> <f External load ~>

[ |

‘*—] Initialize model [-‘

v v

. Change Change cll.mensn:m of Change span width Change u.:reep
reinforcement supporting beam coefficient

v

O —[ Calculation of model }

Response

L 4

— T o - —
. g . ™,
Crack width > ( Deflection )
 cokuian - >

Figure 4-1 Flow chart of modelling process in FEM-design
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4.3 Mesh
Meshing is applied to the shells in FEM-design by using a generating tool. This will define the
minimum division numbers and the average element sizes to generate a balanced mesh.
The phases of the mesh generator are defining the vertices of the elements, creating a triangular
mesh using the vertices, converting the triangle mesh to mixed quadrate-triangle mesh,
optimizing the coordinates of the nodes in the mesh (smoothing) and setting the middle points
of the element sides [27].

Peak smoothing is used over the columns to avoid singularity problems. Over columns there
will be certain places that get infinite inner force according to the theory. Smoothing over the

columns will then produce a more reliable result when it comes to crack width calculations.

Singularity problem Peak smoothing

Figure 4-2 Peak smoothing [26]
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5 Analysis of the model

This chapter is divided in two parts — first there will be hand calculations done by the author to
both check if the results obtained from the calculation model are reliable, as well as calculations
of factors like allowable crack width and creep coefficient. Second, there will be analysis of
the results from FEM-design, of measures done to reduce cracking in the connection, as well

as measures to decrease rotation.

5.1 Pre-calculations
It is important to check the model with a few hand-calculations, to be sure the model can be
trusted and is modelled correctly. Creep coefficient are also calculated to insert the right
parameters in the model. To check the obtained crack widths in the FEM-design model, it must

be compared to the allowable crack width. The allowable crack width is also calculated.

51.1 Deflection of supporting steel beam
To see if the model can be trusted, a hand calculation is done to compare the value given in
FEM-design. The middle support beam is chosen, dimension D32-400 with 1.5kN/m”2 surface
load. The load combination is shown in Appendix D, and the hand calculation is shown in

Appendix B.

Table 4 sums up the results. The hand calculated value and the value from FEM-design, differ

0.629 mm. This is considered acceptable, and the model can be trusted.

Table 4: Deflection of steel beam

Deformation [mm)] Error (mm)
Hand calculation =~ FEM-design
6,517 5,888 0.629
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0.245 | 0,511 | 0.245
0511 2
b g )

Figure 5-1 Deflection of supporting beam in FEM-design.

5.1.2  Allowable crack width
To analyze the crack width in the rotation zone, a maximal value of crack width must be
calculated beforehand. The maximal value is from EC2-1-1 Table NA.7.1N (see more about
allowable crack width in chapter 2.3 - Crack width.)

For concrete exposure class XC1, which is concrete in building with low humidity, the

allowable crack width is calculated from EC2 clause NA.7.3.1:

k. = _Cnom_ <43
Cmin,dur
k.= 35—233
¢ 15 7

wy = 0.3+ 1.3 =0.39

The value for cnhom is calculated in chapter 3.1.3.

The maximal crack width is 0.39 mm. In the graphs in chapter 5.2, this is denoted by a red,
dotted line in the results graphs.

56



5.1.3 Creep coefficient
The creep coefficient effects the crack width, meaning calculating the value for a creep
coefficient that are as precise as possible, can make crack width calculations more predictable
and precis. Creep coefficient was calculated by hand, and since the calculations are very
extensive, they are found in Appendix C.

FEM-design has a function that automatically calculates the creep coefficient, where the user
can edit the input themselves. The table below presents the results from hand calculation, and
what FEM-design suggests without editing the input in FEM-design calculations:

Table 5: Comparing creep coefficient

Creep coefficient Hand-calculations FEM-design
o(t ty) 2.072 2.081

Calculate creep according to EM 1992-1-1:2004, Annex B, B.1 (1)
Cata Value
Age of concrete, t [days] 36525
Age of concrete when loading started, t0 [days] 28
Relative humidity, RH [%%] 50
Concrete cross-section area, Ac [mmZ] 200000.00
Perimeter of cross-section exposed to its environment, u [mm] 2000.00
Calculated creep factor, phi(t,t0) [-] 2.081118
CK Cancel

Figure 5-2 Creep coefficient data in FEM-design

There is a small difference in the values. When checking the input data in FEM-design, it was
observed that the value chosen for t (which is age of concrete in days) was set to 100 years.
When dimensioning a building, it is most commonly to use 50 years of design life, which is the
value the author used in the creep coefficient calculations. By editing from 50 year of design

life to 100 years, the same creep coefficient as the FEM-design was obtained.
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5.2 Results
This chapter will present the results obtained from FEM-design. This is divided into two parts
— first there are calculations done to see different measures to reduce the crack width in the
connection zone. Second there are calculations to see which measures decrease the rotation in
the support by a satisfying amount. The results are explained and discussed in each part chapter,

and the final discussion and conclusion will be found in Chapter 6.
As mentioned, the modelling process is showed in Appendix D.
To get a reliable result as possible when it comes to crack width, the seam reinforcement is

added to the model. Since this thesis does not calculate required amount of seam reinforcement,

a suggestion from BB-C on regular amount of seam reinforcement is used, see Appendix E.
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5.2.1  Analysis of measures to reduce cracking in connection zone.
Two ways to reduce the crack width in theory that is examined here, is adding of reinforcement
and changing creep coefficient. Different reinforcements are added in the connection where
crack occurs to see the affect. Changing the creep constant is also look at, to see how much this
affects the crack width calculations.

5211 Adding extra reinforcement
Figure 2-24 shows where crack may appear, and in the calculations, two different size
reinforcement, @12 and @16, are added in the longitudinal crack developing from the column,
to see the effect on the crack width. When modelled in FEM-design, an anchorage length of 50
x @ is added to each side of the bar. This is a standard anchorage length for reinforcing steel.

Figure 5-4 illustrates the crack width in connections in HCS resting on a D32-400 steel beam
under different loading. The effect of adding an extra @12, or @16, in the joints where cracks
may appear, is shown in the figure. There is a reduction of 10,5% in crack width after load is

applied with the extra @12 reinforcement, and for the extra @16 there is a reduction of 17,5%.

Figure 5-3 illustrates crack width in connection in HCS resting on a concrete inverted T-beam
(600x500). This example has a higher crack width compared to Figure 5-6, due to larger
deflection causing more tension in the concrete in the connection. Adding an extra @12 bar has
shown to reduce the crack width by an average of 13,6% and adding an extra @16 bar reduce

the crack with by an average of 21,9%.

Due to little spacing in the joints for extra reinforcement, the @12 might be the best option in
constructional matter. Calculations have shown that there is a positive effect adding
reinforcement in the joints, and adding of extra reinforcement in the connections could be a

measure for structures that needs to prevent the cracking in connections.
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Crack width
Steel beam D32-400, HCS200
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Figure 5-4 Crack width for steel beam D32-400, HCS200
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Figure 5-5 Crack width for concr.inc.T (600x500),, HCS200
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Figure 5-6 Concrete inverted T-beam (600x500)
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52.1.2 Changing the creep coefficient
The creep of concrete is dependent on the humidity and temperature of the environment,
dimension of the concrete and its composition. This means the creep coefficient can be
determined in advance to a certain level. The calculations for looking at the effect for changing
the creep coefficient with the crack within the connection, a HCS 200 on a D32-400 supporting

steel beam is investigated. The results are presented in Figure 5-7.

It is seen a decrease in the crack width as the creep coefficient increases. To get a higher creep
coefficient, the strength class of the concrete and the relative humidity of the surroundings could
be increased, and the concrete age before loading should not exceed 28 days.

The observed decrease in the crack width were relatively small, meaning measures done to get
a higher creep coefficient may be too costly for the very small change that was found here.
However, being consistent with the concrete strength class, the humidity of the surrounding and
time applied before loading show its importance. If some of these factors are considered in the
calculations, but not done in practice, larger crack width compared to the calculated ones will

appear.

It was also observed that the S-value increased by a small percentage when increasing the creep
coefficient. This is correlated to the small increase in deflection that occurred. However, the
increase was so small, it is assumed that it is not important to consider. For example, 3 KN/m”"2
loading and changing the creep coefficient from 2 to 2,5, increased the S-value 0.08mm.

Crack width vs. creep coefficient
Steel beam D32-400, HCS200
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0 3 5 7

Surface load (kN/m~2)

Creep coefficient
m2,0 2,2 2,5

Figure 5-7 Crack width calculations with different creep coefficient

61



5.2.2 Analysis of measures to decrease rotation
As previously mentioned, rotation in the connection can cause damage to the hollow core
slab, in addition causing cracks in the connection, that can damage the flooring. When using

brittle flooring material, such as tiles, the rotation should be limited.

When comparing different measures to decrease the rotation, calculated S-values are
compared. According to Masonry catalogue, the estimated total end rotation from 50%
imposed loading and deformation over long time, should not exceed 2mm when using tiled
concrete flooring. This means, other than inverted T-beams, a guideline for a maximum

deflection of L/1200 is suggested (see Chapter 2.2.4). The following equations are used:

S = Q(hD + h’NA)

25 < 2mm

_16d
5L

Where d is the deflection calculated in FEM-design, when using 50% imposed load, and L is

the span length of the supporting beam. The limit of 2mm is illustrated in the graphs by a red
line.
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5.2.3.1 Continuous beam vs. hinged beam

Using a continuous beam instead of hinged will decrease midspan the deflection, leading to a
bending moment force in the support. The effect of using continuous beam to hinged beam are

compared in this chapter.

Figure 5-8, Figure 5-9, and Figure 5-10 shows how the S-value changes for switching a hinged
beam to a continuous steel beam. There is an average of 66% increase in the S-value for the
D32-400 steel beam, 64% increase for the D37-500 and 69,9% increase for the concrete beam.
When using a brittle flooring material, using continuous flexural support beams will reduce the

rotation in the support zone a lot, making it less likely to get large cracks.

However, when analyzing the S-values in this case, it was observed that when the S-value
reached 2mm, only a deflection of approximately L/1350 was measured in the beam. This
means the guideline for keeping the deflections in the supporting beams to a L/1200 does not
suit the S-value (of 50% loading long term deflection) being limited to 2mm. It is suggested to
use stiffer beams if the deflection is too high, but finding a beam that gets the allowable

deflection to less than L/1350, means using a beam that is way too over dimensioned.
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S-value
Steel beam D32-400, HCS200
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Figure 5-10 S-value for rectangular concrete beam (300x500)
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5.2.3.2 Different dimension of hollow core slab

A different size of the hollow core slab is used, where the original HCS 200 is switched with a
HCS 265. The calculated S-value is done for different supporting beams: Steel beams D40-
500 and D50-60, and concrete beams 300x500mm and 300x800mm. The results are presented
in Figure 5-11.

The S-value increases considerably when the dead load of the HCS increases. As seen in
Figure 5-11, the S-values are over 2mm for almost every beam before adding load to the
structure. The deflections of the beams were maximum L/1140, except for the concrete beam
300x500, which had a deflection of approximately L/540. This is without any loading.

The reason for why the S-value increases remarkably, is due to the new value of hp generating
a higher S-value. Also, when using a stiffer beam, the hna naturally increases, which also
increase the S-value. It might seem the S-value limitation is not a good approach when it
comes to dimensioning the supporting beams for HCS when the HCS are over 200mm thick.

Using D steel beams instead of rectangular concrete beams showed best result.

The reason for not including the DLB in these calculations, are that the limit of L/1200 for the

beams did not apply to the inverted T-beams.
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Figure 5-11 S-value for different beams with a HCS 265

65



5.2.3.3 Changing the span length

Another solution to decrease the rotation, is changing the span length. Following calculations
will show how large effect reducing the span length will have on the deflection. Since the HCS
265 gave not satisfying results for the S-value, a decrease in the span length of the beam will
be done here with a D40-500 beam to see if the S-value goes below 2mm. The results are
presented in Figure 5-12.

A decrease of an average 24,7% decrease was found in the S-value. As seen in Figure 5-11, the

S-value are still above 2mm, meaning the rotation is still too large.

Nonetheless, reducing the span length 9% (0,5 meters) gave an average reduction in S-value of
24,7%. This shows that a small change in the span length reduces the deflection of the
supporting beam 2.7 times more in this case, decreasing the rotation in the support.
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Figure 5-12 S-value for different span length
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6 Discussion and Conclusion

6.1 Discussion

This thesis has investigated multiple studies carried out by other researchers, regarding the
damages in hollow core floor systems when the supporting beam deflects and suggested
solutions to control damage.

Studies have found that there is a reduction in the shear capacity in the HCS when it is supported
on flexural support. This has shown that there is a need for a reduction factor in the shear
capacity calculations, and a reduction factor between 0.75 and 0.8 have been observed by other
researchers to be sufficient. Other researchers have emphasized that the reduction in the shear
capacity do not solely dependent on the deformation of the supporting beam, but also other
factors such as geometry of the HCS, overall unit depth, concrete compressive strength, the
composition of the concrete and more. Nonetheless, deformation in the supporting beam has

shown to increase web stress in the HCS, leading to shear tension failure.

There are some measures to increase the shear capacity to the HCS. Studies carried out by other
researchers have found that concrete filled voids, fiber reinforced HCS and HCS with a higher
compression strength all could increase the shear strength. Using a higher compression strength
might not be the most suitable solution, due to the HCS normally having a high concrete class
(B45), and the shear strength of concrete has shown only to be as strong as the cross-section’s
weakest point. This means that if the distribution of the concrete in the HCS is not optimal, the
shear strength will reduce. Filling in the voids had conflicting results from researchers, where
some noticed an increased shear capacity, while others didn’t. Studies regarding the use of steel
fibers in the HCS have shown promising results, with both increase in the shear strength and
flexural strength of the HCS. It also showed to increase the ductility of the HCS, controlling
the cracks.

Deflection of the support leads to rotation in the support zone, which can cause cracking in the
connections. When using a brittle flooring material, rotation, movement and cracking generally
needs to be restricted in a structure.

Calculations showed the effect of measures to decrease the cracking. Adding reinforcement
bars of @12 and @16 in the connection where cracking could occur, could reduce the cracks

between 10%- 21,9%. Due to the small spaces in the connections between HCS, @12 might
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produce the best results. Using @12 have shown to have a positive effect, meaning the adding
of reinforcement in the connections where cracks might happen, is ideal for structures with
limited possibility for cracking.

Changing the creep coefficient affected the crack width by a very little percentage. Increasing
the creep coefficient showed decrease in the crack width. To increase the creep coefficient, one
needs to use a higher strength class of the concrete, have low ambient humidity of the
surrounding and loads of the structure should be applied within 28 days after casting. These are

all measures that can be done to prevent increase in crack width due to a low creep coefficient.

The Masonry catalogue describes measures and guidelines to follow when constructing a
building with HCS on flexural support to minimize the cracking in the flooring. The calculated
S-value should not exceed 2mm for 50% added load, which means a restriction for L/1200 for
the supporting beams. Calculations were done to compare different measures to restrain the
movement. It was found that increasing the dimensions of the supporting beam had a great
influence, as well as decreasing the span length to minimize the deflection and using thin HCS
sections to avoid large dead load.

However, when comparing the results to the S-value that should not exceed 2 mm, it was found
that the deflection of the supporting beam could be as small as L/1350 when the S-value was 2
mm. This means a stiffer beam need to be used, and there is a danger for over dimensioning. It
is suggested to use continuous beam and smaller span lengths to decrease the rotation and

cracking in building with brittle flooring material.

Adding steel fibers in the concrete in the connection may be a possible solution to control
cracking, due to the positive results from the HCS. Steel fibers have proven to make the concrete
more ductile, meaning making the connection more applicable for hollow core slab flooring

systems.

68



6.2 Conclusion

As mentioned in the discussion, steel fiber hollow core slabs show promising result when it
comes to controlling the damages resulting from deflection in the supporting beam. Since the
HCS does not have shear reinforcement, the steel fibers could act as shear reinforcement, being

a good measure to prevent premature shear tension failure.

When using brittle flooring materials in hollow core slab flooring systems, it is recommended
to use smaller spans, continuous supporting beams and thin/light HCS to prevent rotation due
to deflection of the supports. Adding extra reinforcement in the connection joint where cracking
might happen might be a good solution to control cracking. Normally reinforcement is not
placed in the connections to control cracking, but results from calculations have shown to have
a positive impact on the crack width calculations.
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7 Suggestion for further work

It is suggested that an experimental study should be done, to see the correlation between the
deflection of supporting beam of HCS, to the appearance of cracks in the connection. This thesis
has only shown the modelling and calculational effects of this, and it is of interest to see how it
will react in real life. Calculations of crack widths are difficult to compare to real life situations,
because of mesh-generating in FE-design and all the assumptions that are done not are 100%

realistic.
It is also of interest to see the other solutions for controlling cracking in connections. It is

recommended that it should be tested with fiber reinforced concrete in the connections, to see

if the ductile behavior has a positive effect on the system.
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9 Appendix

Appendix A — Anchoring in Hollow Core Slabs

Armerin Fasthetsklasse
B500NC B25 B30 B35
Yo =36 ¥ =306 Ye=3,6
foq = 0,956 MPa fog = 1.062 MPa fog = 1,169 MPa
0 (mm) Neg,s (N) Forankringslengde lpg = (Nggs x 0,7) / (11 x @ x fyg)
8 22 640 577 524
10 34 792 713 648
12 49 952 857 778

Figure 9-1 Anchoring in joints [2]

Stangtype Dimensjon Ny Maksimalt strekk (Nmass1) (KN

h=265 h=320 h=400
8 2 22 22 22 22 22 320 450

Kamstil 10 34 34 34 34 34 34 369 500
12 49 49 49 49 49 49 476 610

BE00NG 16 87 50+ 70* 75 87 a7 633 770
20 137 - - - 90" 115* 670 800

M6 45 45 45 45 45 45 388 520

Gjengestang M20 7 50" 70" Al [l Il 490 620
K4.8 M24 102 50° 70 75 90" 102 586 720
M30 162 - - - 90" 15° 529 660

Glengestang M16 90 50° 70 75° 9 90 776 910
K8.8 M20 141 : . : 90+ 115* 793 930

* @vre grense, Nyg; | tabell C 12.3, er dimensjonerende.

Figure 9-2 Anchoring in voids [2]

i\ Rd,c

B25

(mhm\ =18 Ye=18 Y.=18
" fug=0,85MPa fug=0,94 MPa f.y=104MPa

200 140 160 127 14,0 15,5
195 141 15,5 17,2
166 212 23,4 259

265 s | 25 s s o
200 30,5 33,7 373

2

320 o5 | 269 v ol o
215 425 46,7 51,7

400 g | 7 P 0 o
170 43,0 475 52,6

500 oo | M6 05 s o

Figure 9-3 Shear capacity in concrete filled voids [2]



Appendix B — Hand Calculations

Handcalculation to vertify the model

Deflection 11 steel beam:
b:=8m E:=210-10* 2
mm*
L:=6m 1:=3.9948-10° -mm"  For D32-400
EN EN
1.5 2--5 1.5 g-h o
Variable load =y ™ 12
2 2 m
EN
2.5b g-b 2.5b g-b .
Deadload hollow core slab o= m + m =204 —
2 2 m
Total loading: q=q;,+qy=32.4 kN
m
4
Calculated deflection w, __5 oL =6.517 mm
384 F



Appendix C — Calculation of Creep Coefficient

Creep coefficient

Creep coefficient 1s calculated using formula from Eurocode 2:

@(t, ty) = @g * Bc(t, tp)

Necessary data
For B35
The concrete age i days when applying load:
The concrete age in days at considered time (50
years):
The relative humidity i percentage:

Cross-section area (in mm”2):

Part of constructions circumference exposed to
drying mn contact with atmosphere:

fem=43
t,:=28
t:=36525
RH:=50

A :=200000

u:=2000



u
g VLT p oy 02
o= | =0.866 ay=[ 3| =096
fem fem
( |_RH 1
100
fF'mr'=|1+ "™ sy =1.67
| o01-Yh
Brom=—28__ 2 562
Vfem

En=9ri*Bpem* G

Bu=15+(14(0.012-RH)") - by + 250 -

Bep =

{t—t"} 0
|:ﬁu+—t—5“:|] =0.996

w {f o t,u} =iy -ﬁm.m: 2.081

for fom > 35MPa



Appendix D — Modelling Process in FEM-design

This section will the designing procedure of the model in FEM-design.

The order in calculation in FEM-design, is given in the flow chart below:

1. Structure 2. Loads 3. Finite elements i EL 5. RC design

1. Structure

Start with constructing the building with beams and columns. Selected span width for
supporting beams are 6 meters, and the span for the HCS are 8 meters. Add hinged support to

the columns.

Gle Edit Draw Modify Tools Settings View Window Help
Srctue  loads  Fiiteslements  Analysis  Foundation desgn  RCdesign  Steeidesgn  Tmberdesign  Masorsydesgn  Composite design

o 1 x ] o + &£ &£ &2 p P = | + r 2
S 0-hlE=MA N KA MAGARS ' 22203 { 0 1 08 OO
“[1. Select beam = b e MR =T
| [Pl |
3| 2| /s |-G iRuasdel 1l t it |QuE N ]
o4 (LJi =) | Beam X — l ¥
- b K | 2
9| 1 o i [A.1] Geners I secton 113 materia g Stffness J!,__ End conditions (S| ] Al defeu physiad hpment
| h| 5| B 2. Customize
- B = -
- ja ‘l, g Sechmtypem. Composite Delta
| 3. Choose dimension e st || end
/| jand material of beam = 7
il‘ i a ‘ ¢ ;»m
. 22400
. A 25300
# 1 25-400 %
26-300
i B 26400 ;.——L.
e 30-300
1 30-400 »
3 32-300
= -4 32400 x = Tz ~
om
= = [ A cndew |
& 5 40-400 gp = g‘gm;
™~ - 50K =0, mm
? - i Ve = 0070
5 5000 ol O
u DR Iy = 781991892 mm4
g ) HE-A Wy = 2798545mm3
- HES ezmax = 279 mm
Y e v| lezmn = 141mm S
l Tz a‘ New > Modfy Delete Import Export Stress points
R | oK Cancel < > |
Beam - Define - Straight ine - Start ot (8= PISEE POAL = T (selecton) | (|| 338%6m  42044m 0000m |layers (W iT+=S 1O

Steel quality S275 is used for steel beams, concrete strength B35 are chosen for the concrete
beams and B45 is the concrete class for the HCS.



Select the hollow core slab option and add all the parameters below. Under “section” in the
default settings, thickness of the hollow core slab is set to 200mm.

P oEGR Uraw OOy 100K Semings View

nctue  Loads  Finte elements

window  Heip

Anayss  Foundation design  ACdesign  Steeldesign  Timberdesign  Masorry design  Composte design

. & + | CACER 2 | ¢ oL + 2 » [# : IT -
& @D ] | 3 S L f 32 2R FEAI O O =
{Choose g .
Eurocode (NA: Norwegian) profiled slab Aol ol ou
o -
H2| /e Profiled plate/wll X 2 B OISO Dy 3L Q\ E
i 4|t s Adgrment ... | =——t sl =
sl @ e AL General  JOC secton 71 Moterst [T morder | ]| e 6 £} =
2 oA | 7] e \— <
Rl = Concrete | 2
N ; g:;';é Gomm ¢ (U | Us,U8) cvvers | 150 || 120 B Detigult @
- / N N 2 \
c20/25 Gomma s (U | Ua,Us) ....... L1s || Loo N Setngs 2D
c25/30 e 5 R
Ll Al = pac o L (T [ — 1.00 R
B # 2 C35/45 Gamena 5 (Us) ... 100 > ‘-x\
s - C40/50 0
] fcas/ss] Gamma cE 1.20 N
sw:mm [ | ] SRS ——————— 0.350 c!)
# 523 O T [ 3
= §275 N
] 5355 Creep coefficents: | 'S .
b S 420 Creepc. U, Us, US) ...cocreriverenns 0.00 3 -
4 5450 e = N Insert strength class
5 % € (59) cuvnunn
& 4 | m;“ = i = ~of concrete, creep
(e O oz s s 3 > Z
B cis Teen " coefficient and
= 16 4
o [ i — &_ishrinkage
r 0 %r] : > X
? - 2 i - |
o c24 )
L c ¢
~on e
{ Display stffness > oK Cancel
afiled piate - Define - S8ff drection - Start point (LB = Place point; Enter, Ciri4RE = UCS %) © (selector) (| 3L711m  39.368m  0.000m | lavers (K iT+S 10|«

A concrete filling is laid on top of the supporting beam, where the cracking generates. The
thickness is set to 400mm, to match the thickness of the HCS, and the width is set to 400mm.
This width is chosen due to support lengths and the size of the beam. For example, for a steel
beam D32-400: 2 x 110mm (support lengths on both sides) + 210mm (width of beam) =
430mm.
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ile Edit Draw Modify Tools Settings View Window Help

Stuckue | Losds Finfeclemerts Andyss  Foundstiondesign  RCdesign  Secldesign  Timberdesgn  Masonrydesign  Composite deaign

S o @-hllE= [ A &
5 Select slab

Structure gnd fo

PR FL b

EE NN

Modedng too

« | Piane plate
A

0

B
.E‘

A1) General [i7] Matena g Stffress

R

Library ~
® = Concrete

5 c12/18

x C16/20

C20/25

€25/30

C30/37

QTR S|
—Elm | 4b
"

C45/55

[

" -
J A C40/50
” C50/60
= Steel

== 1
-

S275
5355 Creep coefficents:
540 Creepc. (U, Us, Us)
S 450

5 %0 Creepc. (5Q) ...

EilE 38

Ci14
Ci6
ci
c20

24
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n

CEICICT:
8

_ New || Mooy || Gelew || mmport || Export

[ #2 S ECH TOENEE b ]
|' tifm] ., 020000 1 Algment.....| =- -
‘s ';l‘ t2fn 0.20000 1] Edges ... Rigd® v
|3 j, =1 0.20000 Edge ID......... CE
Default
settings
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creep coefficient
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Tw_df
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000m | ves M-+ 10

A connection line is inserted between the HCS and the supporting beam. This is to ensure that

the concrete filling on top of the supporting beam does not support the HCS. The connection

line ensures the forces are transported from the HCS to the supporting beam.

Clicking Structure->Line connection->Default settings.

TNE IO UTAW WIDDTY OGS 3ETUNGS VIEW WIINOOW Tep

Siuctse | Loads Analyss  Founds AC deson Tiwber desgn ~ Masorvy design  Composte design Choose "ne
S D] "4::‘ ;] & & +‘ L o | 2 T o *_ § &ﬁconnection '3 E3E | O SO
3 T —C Shat . r Modsing tos
L 2 - | €l vine com %
= P | Lz slzzlZeses
i—d:?; A Geed 1T Daw ‘Enﬁ."
ol A ]
o~ pl = :]g hsame for all caadatons Sstorder aniyem, U, Us, Ur  Copytn | \Eeeélanults
U ’,: o 1 Sorgs [imm, Km/n] and plastc mis o, kimim] 9
T3] = Compresson Tension
Sl L) A= e [reeeor V3 [Lowesr ]
5| #| 2 ky [ 100007 |4 [1L0%0es07 | e
1 P O - | C—
pr o (0000000 |4 [0.000e500 | : -
ﬂ vol| oy [oooescn ]| [oones0 <] Ensuring the line
j_ K. & [ooesn < |+| [0.000me20 <] connection is hinged, | = )
= 1 e and freed from the
1‘) { HCS.
afl B ] [E] = <
o [ >
7 [ Local system
") koo S | [\ | eeconatng
= \ ot
(&
= Setup Rigid" >

~

e connecton - Define - Select objects 1o comect (L8 = Box; RE « Object; Swi+AD = Select type; Coi+A ...

[Gdectons |G 72m  Boim  oooom oy [W i~ == 1O
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2. Loads

When adding the loads to the model, these options are used:

i e pMenu of all the

hw Window Help
awwe Jl0ad cases

Foundatondesgn  ACdesgn  Seeldesign  Timber design  Masorey desgn  Compesite desgn

[y s = M L 8§ ae 5E G QI NNATI M MY B &R ()
s s {Add surface Ioaﬂ

Load Load
cases | . combinations

mbination, goup 4 construct
7 Eurocode (NA: Norwegian)

r
q
1= Qd$

B | =

B mEr
ERE

= - T 7 [cdecton) [P 27041m  53806m  0.000m || tayers |00 |~ o+ =

™

Load cases and load combinations are generated.

&7 Load cases X W1 Load combinations ®
o Hame Twe | Factor | incudedloadcases A [ ok ]
No ‘ Name Type Duratondass A | | oK | 1 ufctn 1 S | Loojbesdbond ol
(EN 1995 1-1) ‘gg 9"‘:9'
1.00 Variabel 1
1 +5truc. dead load Permanent |:Ca\:d 2 Crack 1 S0 100 Desdlosd gt/ Export >
2 Variabel 1 Ordinary Permanent 0.60 Variabel 1
. 100 Shrinkage:
3 Variabel 2 Ordinary Permanent Import /Export > 3 e o 00 /beodboed
4 Variabel 3 Ordinary Permanent 1.00 Variabel 2 Load combinaton
: ; 100 Shemkage
5 Variable 4 Ordinary Permanent | — JiEa3 - To65m3bad Generate
6 Shrinkage 45hrinkage Permanent 0.60 Variabel 2 Insert
Delete 1.00 Shrinkege cooy
5 Defecton 3 S 100 Desdload
Delete al 1,00 Veriabel 3 Delete
1.00 Shrinkage. Delete ol
6 Crack 3 Sq 100 Desdlosd
0.60 Varabel 3
100 serkage o
7 Defecton 4 S 100 Desdload Irsert
1.00 Variabie 4
100 Shrnkage L]
8 Crads 4 50 100 Desdlosd Renave
0.0 Veriable 4
~ 100 Srvinkage -

Figure 9-4 Load cases and load combinations

The load combinations are listed in Table 2. When calculating deflection, characteristic load

combination is used, and for calculating the crack width, quasi-permanent equation is used.
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Table 6: Load factors for SLS combinations

Lastkombinasjoner som skal pavises Permanente Dominerende Ander variable
laster variabel last laster

Karakteristisk (Sc) 1.0 1.0 1.0yo

Ofte forekommende (5f) 1.0 1.0y 1.0w;

Tilnzermet permanent (5q) 1.0 1.0y 1.0w32

Category C and D are considered, due to tiled flooring usually happens in these situations.

Tabell NA.A1.1 - Verdier for yfaktorer for bygninger

Last
Myttelastkategaorier | bygninger (se NS-EN 1891-1-1) » 2 2
Kategori A: baliger o7 0,5 03
Kategori B: kontorer 07 0.5 03
Kategeri C: forsamlingsiokaler, materom 07 07 08
Kategori D: butikker 07 07 08
Kategori E: lager 1.0 09 08
Kategori F: trafikk- og parkeringsarealer for sma kjereteyer (kjeretayvekt < ]
3A0kN og heyst B seler utenom farerseta) 07 0.7 06
Kategori G: trafikk- og parkenngsarealer for mellomstore kjereteyer, J0kM <
kjereteyvekl < 160kN pa lo akslinger 07 05 03
Kategori H: tak 1] 0 0
Snalaster (se NS-EN 1991-1-3) o7V 05" 02"
Vindlaster (se NS-EN 1981-1-4) og" 0,2" o"
Temperatur (ikke brann) | bygninger (se NS-EN 1991-1-5) og" 05" o"

Figure 9-5 P-factor

Table 7: Load combinations

Factor
1.000
1.000
1.000
1.000
0.600
1.000
1.000
1.000
1.000

No. Name Type

1 Deflection 1 = Characteristic
2 Crack 1

Quasi-permanent

3 Deflection 2 = Characteristic

b Eventuell modifisering for ulike geografiske omrader kan kreves av lokale myndigheter

Load cases

Dead load (+Struc. dead load)
Shrinkage (+Shrinkage)
Variabel 1

Dead load (+Struc. dead load)
Variabel 1

Shrinkage (+Shrinkage)

Dead load (+Struc. dead load)
Variabel 2

Shrinkage (+Shrinkage)




4 Crack 2

5 Deflection 3

6 Crack 3

7 Deflection 4

8 Cracks 4

There are 4 different types of variable loads. They are listed in the Table 3. The values are from
EC1-1-1 Table NA.6.2 The value 7 KN/m”2 are not found in tables and are quite high, but

usually there are more loads on a slab then the imposed load. It could be dry walls, heavy

Quasi-permanent

Characteristic

Quasi-permanent

Characteristic

Quasi-permanent

1.000
0.600
1.000
1.000
1.000
1.000
1.000
0.600
1.000
1.000
1.000
1.000
1.000
0.600
1.000

Dead load (+Struc. dead load)
Variabel 2

Shrinkage (+Shrinkage)

Dead load (+Struc. dead load)
Variabel 3

Shrinkage (+Shrinkage)

Dead load (+Struc. dead load)
Variabel 3

Shrinkage (+Shrinkage)

Dead load (+Struc. dead load)
Variable 4

Shrinkage (+Shrinkage)

Dead load (+Struc. dead load)
Variable 4

Shrinkage (+Shrinkage)

equipment or screed. Therefore, this surface load is considered.

Table 8: Load cases

Load case
Variable 1
Variable 2
Variable 3
Variable 4

Surface load (KN/m”2)

3

5
7
0



Tabell NA.6.2 - Nyttelaster pa gulv, balkonger og trapper | bygninger

Kategorier for belastede omrader (v ® Qx
[kN/m?] [kN]
Kategori A
Gulv 20 20
Trapper 3.0 2,0
Balkonger og verandaer'! 4.0 20
Loft med liten takheyde eller 1.0 1.5
pegrenset adgang
Kategori B 3.0 20
Kategori C
- Ci1 3.0 4.0
- cz 4,0 4.0
c3 5.0 4.0
- C4 5.0 7.0
- C5 5.0 40
Kategori D
- D1 50 40
= D2 5.0 7.0
" Taklerrasse, s& kategor |

Figure 9-6 Added surface load on the HCS.
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te elements

ini

3.F

done by clicking Finite

FEM-design automatically generates an evenly distributed mesh. It is

Elements->Generate mesh and selecting the whole model. Over the columns (orange circles)

are the smoothing of the mesh. See Chapter 4.3.

Fe e
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| (Selection) |

Figure 9-7 Meshing of the model

4. Analysis

File €dit Drow Moddy Tools Settings View Window Help

Stuctwe  Loads Finteclemerts  Anahsis | Foundaiondesgn  RCdesgn  Steeldesign  Timberdesgn  Masorvy design  Composite design

o

¥

Deflection

Calkculations

Load combinations

options...
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i
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Enter commands:
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Under the analysis option, the model is calculated to see if the statics are correct. Here the
deflections are calculated, and these can be used to compare to hand calculation, to see if the

model can be trusted.

5. RC-design (Reinforced Concrete-design)
After the analysis is done, it is time to design the concrete. Reinforcement is laid in the concrete
filling by clicking RC-design->Manual design->Default setting, and making sure it is put in the

right layer of the concrete.

fie Edit Draw Modfy Tool Settings View Window Help Reinforcement in slab
Structwre  Loads Finteelements  Analysis  Foundation design  RCdesgn  Steel deagn  Timber deaign
= : : : R 6| HE Do
‘ e 0k Nawegan) v ‘ 2 Select manual
2|2l 2l % 1. Choose which layer - design
s 0| o the reinforcement B2 -
r- } i . |
3 o should be in. (x/y top/ 1]~‘ —lu | B}
bottom)
: = \\‘:i\\\\ _" 7 m $ D .:-‘ I 1 3 z
=1 w4 ’ - [ Diameter fom] ... 12 | Required ares [mm2/m] ...

Space fmm] ...... [ 1200 ~| Appled area fnm2/m) ..... 94.2

_1_, : Z Cover [mm] ...... | 20.0 [ Apply on both sides
n o
A Surface applied reinforcement X
] i
= . T e v =]
o e COVEr M) cevvesecerserers| 200 Cancel
1 S S : 5
& q H4. Selecting bar cwacterolDwx jow) 14112
3 3 “.|/size, spacing and B pac fom oo | 1200
& 5 cover Requred area [mm2jn] ..
; S = SoA  Acpied ares frm2im] ..., 94.2
? -
(B
1
3 l
]
Merual desion - Rectangular - First comer (LB = Place pont; <Backssce = Enter drection>) : (Selecton) || 34050m  30.0%0m  0.000m | Layes i~ =S L O
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Finding the results for deflection for different load combinations are shown below.

Sctre  Loads  Frde sements  Anaksis  Foundaion dessgn | RC design | Seel design  Tmberdesign  Masorvy desion  Conposte desgn

-5 + "

AV

s QA

+

i

D e

Euretda (NA: Worwegian) code: 11t order thesey - Load conbinativns - Daflection 1 - Translationsl isplacements - Gragh - (]

) 1O

2. Choose translational
displacement, where

Quick tools

# Local stablity
- Bor ntermal forces
+- Bor stremses

#- Shell intemal forces
i Shel stresses
it Mawmum of kad conbnatons

;{ :

SRR o
ERERERERER=<
W

IE?

r

‘X deflection of the beam
;-' 4l 2 0.311 0.686 | can be found
m ; {7915 7
ul |2
T 4 il il
o |% 3. Choose which
L] 1 load combinations
o =] L L to read
L. - |
L‘ -
To find the crack widths, see picture below.
Snutam  loads  Fteskments  Anahms  Feundation desgn FCdengn Shesldengn  Trmberdesgn  Masoydesgn  Composte dengn
Bl v T 100 100 300 G st B P & (B D w @ 7 XO
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2| ? e ! i
HWEE i sm [ sm
B|w S
0 I I_
L EIE
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]
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5 | / "‘“
£ ., -
& | / | T
7 [ ~ 2 Choose the
-~ E 3. Read the crack wanted load
= width and the value combination
_| in the model
L
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List of all the beams and HCS used in the calculations:

210.0mm
E
: s
2
] 660.0mm |
1 1
Figure 9-8 D32-400
I 330.0mm I‘ <4
E
£ £
4 4
Figure 9-10 D50-600 .
g Figure 9-11 D40-500
==
E
£
£ g
300.0mm 4 =
o = e
4 600.0mm y {J 300, Germ 1" 300. 0mm
Figure 9-13 Concrete inverted T-beam Figure 9-14 Concrete beam Figure 9-12 Concrete
(600x500) 300x500 beam 300x800
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265.0mm

Oooo00 {1 [O0000

| 1147. 0mm ]
A
L 11497. Omm

y
1
Figure 9-16 Hollow core slab 200 Figure 9-15 Hollow core slab 265

=
3
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Appendix E — Seam Reinforcement Tables

To find the value of z, this table is used from BB-C.

Tgyning  Spenning
£ Oy

i’ )
h
0,85
Bjelke
0,70
R 0,60
a) Homogen elastisk bjelke
ge=35% .=
e -1
]

=,

d
Armering

F4

‘[ RRARRER RRRRAR] SXARXRRERY)

b) Betongbjelke [>2 xd, lav hgyde, d 0T C ‘
stort moment, maks teyninger | d
L______] | | Lo J
=l Py A A [ a A A
L ! L L PR S
1 : T
Fritt opplagt Utkraget Kontinuerlig

Ak

¢) Betongskive l <d, stor hgyde,
lite moment, sma teyninger

0,5-0,7x1

This table is used for finding the i, which is normally chosen as 0.6 (risset, glatt fuge).

Overflate Beskrivelse

Urisset Betydelig risset
fuge fuge
Sveert glatt Stept mot stél, plast, spesialform av tre 0,025-0,10 0 0,5
Glatt Glideformet, ekstrudert eller ubehandlet 0,20 0 0,6
etter vibrering
Ru Minst 3 mm ujevnheter med en senteravstand 0,40 0 0,7

omkring 40 mm utigrt med rive,
eksponering av tilslag, eller andre
tilsvarende metoder

Fortannet Se figur B16.13 0,50 0,50 0.9
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Below are figures of examples of reinforcement in the connections, due to horizontal forces:

Gjengehylse med
1920 i fuge eller glengestang i

Bjelke med
. 2020 1 ende- : Bjelke med Apnet kanal (A_) 425 (Ag)
1916 i fuge ( giengehylse med 1] P : sh &l
1 fuge (Agp) fuge (Ag) giengestang i 3025 (Ag) eller 1620 i fuge
Ny apnet kanal (A 4.

b=1.2m
—
Vh vh L
—* b=12m —* |b=1,2m
Figur C13.4.
Figur C13.3. Mye skivearmering.

Figur C 13.5.

Vanlig skivearmierirng.
& £ Ekstra stor skivearmering.

Tabell C 13.3. Skiveskjeerkapasitet i utstopte fuger.

Vege =T x hy (kN /m)

Hulldekke- Fugehayde T
hayde (mm) by (mm) B20 (t=0,142) | B25 (x=0,170) 88) | B35 (r = 0,208)
200 170 24 29 32 35
265 235 33 40 44 49
320 290 41 49 54 60
400 370 52 63 69 77
500 470 66 80 88 97
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Appendix F — Example of Reinforcement in HCS Connections.

Utstopes
Dybel

h

Boyle i fuge etter

behov

Gummibz&ndI

Utstopes

Kommentarer: Relativt torsjonsstivt tverrsnitt. Mye utstoping pa byggeplass.
Brannbeskyttelse vanligvis unedvendig.
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