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Abstract

The use of post-tensioned flat slabs is sufficient when large spans or thin floors are desired. The
most used system today is to place unbonded tendons concentrated over the supports in one

direction and distribute them across the whole slab in the other direction.

This thesis addresses the influence the tendon layout in flat slabs has on the results. Analysis of
three different flat slabs with five different tendon layouts in addition to one without any
tendons has been done. The tendon layouts vary in the number of tendons that are distributed
across the whole slab, the number of tendons that are concentrated over supports, and whether
they are placed in the longest or shortest span direction. The calculations are made by hand, and
by the programs ADAPT-Floor Pro and FEM-Design 17. Results from the programs has also
been compared to enlighten differences.

The main difference between ADAPT and FEM-Design is that ADAPT uses design sections
which makes it sufficient for the design process of prestressed structures. The program is based
on averaging the actions on each design section, which has the width of half the span to both
sides of the columns. The feature of modelling unbonded tendons in FEM-Design was new in
version 17 released in January 2018. The feature cannot be used for design but are for analysis
purpose only. FEM-Design does not use design sections, and some of the results are hence not

directly comparable with ADAPT and hand calculations.

Results from the analysis shows that a higher portion of tendons that are concentrated instead
of distributed, stresses caused by other structural loads is counteracted best. The tensile stresses
at columns is most likely to cause cracking of the concrete, and with 100% of the tendons
concentrated, the total service stresses here will be the lowest. The layout with all tendons
concentrated also has the best results in terms of deflections. This is because the distributed
tendons will for small areas cause downward forces in spans, while these downward forces of

the concentrated tendons will be directly over the supports.

A tendon layout with no distributed tendons may nevertheless not be the most sufficient one
because the slab between the supports, where no tendons are placed, may not have enough
bending moment capacity. This tendon layout will hence require extra reinforcement in spans
to be a sufficient design. The layout where the tendons are distributed and concentrated in both
directions does fit the bending moment distribution the best, but the amount of weaving of

tendons in spans will increase the construction time, and hence make it uneconomical.
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1 Introduction

1.1 Background

Since concrete has low tensile strength, it is normally reinforced with steel bars which carries
the tensile loads. For some structures, e.g. thin structures or structures with long spans, the
tensile stresses can be large, and reinforced concrete may no longer be a suitable solution due
to costs or design requirements. For such cases, the use of prestressed concrete may be a good
option. Prestressed concrete enables longer spans, reduced deflection, smaller cross-sections

etc.

One of the prestressing systems is the use of unbonded tendons. This is a strand consisting of
several wires of high-strength steel, which is covered by grease and encased in a plastic tube to
protect against corrosion and reduce the friction. The use of this system began in the United
States at the beginning of the 1950"s and has been used in a great extent since when constructing
parking garages and floors. In Europe the use of this system started at the beginning of the
1970°s. [1]

Due to deflection requirements, the use of flat slabs with conventional reinforcement are usually
limited to a span length of about seven metres. [2] When the span length is longer, or a thinner
slab is desired, the use of prestressing may be sufficient because the prestressing effects will
counteract the other loads. Tendons can be placed over flat slabs in different layouts, and the
most used tendon layout in flat slabs today is to place the tendons concentrated over the columns

in one direction and distributed across the whole slab in the other direction.

1.2 Scope of the thesis

In this thesis the effect of the unbonded tendon layout in flat slabs will be analysed. The

influence different layouts have on the results will be compared.

Calculations will be executed by hand and by two programs; ADAPT-Floor Pro (ADAPT) and
FEM-Design 17 (FEM-Design). Both programs are based on the finite element method.
ADAPT is used in a great extent when designing prestressed structures, while the function of
modelling unbonded tendons in FEM-Design was new in version 17 released in January 2018.

Comparison of the two programs will also be carried out to enlighten differences.



1.3 Method

To compare results from programs and hand calculation, results for one flat slab with one
tendon layout was first calculated by the different methods. The aim of this was to find
differences between the programs, but also to validate the results from the programs to avoid a

large amount of hand calculations for the further tendon layouts and flat slabs.

To investigate the influence tendon layouts has on flat slabs, three different slabs was defined
with three spans in one direction, and two in the other. Span lengths, slab thickness and other
parameters was chosen for each slab. Calculations for each slab was carried out regarding five
different tendon layouts in addition to one without any tendons. For each slab, the total
prestress, tendon profiles and other parameters was the same, the only varying parameter was
the placing and distribution of the tendons. The results in terms of deflections, stresses and
bending moment among others was then analysed and compared.



2 Theory
2.1 Flat slabs

A flat slab is a slab which is supported by columns without beams between the columns,
normally arranged in a rectangular pattern. [3] Such slabs are suitable if large areas without
load-bearing walls are desired. This way one can build walls that are not a part of the load-
bearing construction, which gives freedom due to prospective needs of changing. [2]

Fig. 2.1 Flat slab [4]

To avoid thick slabs and a large amount of reinforcement, it is recommended to limit the span
of a conventional reinforced flat slab to about 7,2 metres. There is no problems building longer
spans due to strength requirements, but large deflections often restricts the design. [2] Also the
shear forces over the columns tends to be large for flat slabs. A way of increasing the strength
of the columns and construct longer spans is to use column heads or drop panels as illustrated
in Fig. 2.2. [4]

HY ]

Fig. 2.2 Flat slab with column heads and drop panels [4]

The static behaviour of a flat slab can be imagined as a system of crossing beams, where the

beams has the height of the slab thickness, and width equal to half the span to both sides. As
3



illustrated in Fig. 2.3, the total load on the imagined beam is acting in the x-direction. Similarly,

the total load is carried by the imagined beams in the y-direction. [3]

Fig. 2.3 Load-bearing on a strip of flat slab in one direction [3]

2.2 Prestressed concrete

Prestressed concrete is concrete where a compressive stress is applied to counteract the action
of forces to a certain extent. A tension force is applied to tendons placed inside the concrete.
This force is transferred as compression to the concrete by anchorages or by grip between the
tendons and the concrete. By giving the tendons a suitable stress, and placing them appropriate,

tensile stresses can be avoided, or greatly reduced. [3]

Compared to conventional reinforced concrete, prestressed concrete has many advantages.
Reinforced concrete can crack due to tensile stresses, and this causes several issues: [4]

- The reinforcement is more exposed to corrosion.

- Cracked concrete is less stiff and leads to a larger deflection.

- The shear strength is reduced.

- Cracked concrete does not contribute to carry loads, but it still adds weight to the

structure.

Prestressed concrete can, if designed properly, counteract the cracks due to tensile stresses, and
hence, the issues with reinforced concrete can be solved partially or completely. The use of
prestressed concrete can e.g. increase the length of spans, reduce the number of required
columns, reduce the slab thickness, and hence reduce the total building height as shown in Fig.
2.4.
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Fig. 2.4 Reduction in building height due to reduction of slab thickness [5]

2.2.1 Post-tensioning

Post-tensioning is a way of pre-stressing concrete, where the tendons are stressed after the
concrete is casted. The advantage of post-tensioning is that the tendon profile can be adjusted
to the applied load by curves, as opposed to pre-tensioned tendons which has to be straight due
to the cables being stretched before the concrete is casted. [6] This makes post-tensioning
suitable for structures with multiple spans, where tensile stresses vary between top and bottom
fibres of the cross-section. Post-tensioning can be done bonded or unbonded. The procedure of

bonded post-tensioning is shown in Fig. 2.5 and is as follows: [3, 6]

a. The formwork of the structure is made, reinforcement and hollow ducts with room for
the prestressing steel is placed. Concrete is casted. The hollow ducts are encased in the
concrete. Tendons can be put inside the ducts either before or after casting.

b. When the concrete is strong enough, the tendons are tensioned by jacking in one or both
ends, and the ends are anchored.

c. After jacking, grout is injected to the ducts.
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Fig. 2.5 Procedure of bonded post-tensioning [6]

For an unbonded system, the tendons are not laid in hollow ducts and filled with grout. They
are encased in plastic tubes with grease and placed before the concrete is casted. Fig. 2.6 and

Fig. 2.7 shows illustrations of cross sections of a bonded and an unbonded prestressing tendon.

METAL DUCT
CEMENT GROUT

7X7-WIRE STRANDS

Fig. 2.6 Bonded tendon with multiple 7-wire strands [7]

Plastic sheath Grease Strand

Fig. 2.7 Unbonded tendon with a 7-wire strand [4]



Both systems have their advantages and disadvantages, and the most suitable system is chosen
based on the design and requirements of the structure, in addition to costs, availability,
experience and so on. [8]

Advantages of the two systems are: [3, 4, 8]

Bonded post-tensioning:

- The prestressing steel can be fully utilized.

- Better cracking behaviour.

- Can have a flat duct system to allow maximum eccentricity.
- Can have multistrand system to transfer large forces.

- Increases the punching shear resistance considerable

Unbonded post-tensioning:

- Simple design and no grouting. Less time to construct.

- Small friction at time of stressing. Reduces losses of prestressing force.
- Protected against corrosion.

- Possible to replace or re-stress the tendons.

- Allows maximum eccentricity.

The unbonded tendons are connected to live end- and dead end anchorages. Jacking is done at
live ends. Fig. 2.8 and Fig. 2.9 illustrates a live end anchorage and a dead end anchorage. The
anchorages are in principle the same, but the dead end anchorage is delivered ready mounted
on the tendons. Due to jacking of the live end, 70cm of the tendon should stand out of the

anchorage.

Fig. 2.8 Live end anchorage for a BBR VT CONA Single system [1]



Fig. 2.9 Dead end anchorage for a BBR VT CONA Single system [1]

2.2.2 Load balancing
Load balancing is a method of finding a suitable prestress and cable profile for a given load.
The prestressing forces acting on the concrete are called equivalent forces. For a parabola

shaped cable profile, the equivalent forces are shown in Fig. 2.10.

Fig. 2.10 Equivalent forces of a parabola shaped cable [3]

The curvature of the cable gives a uniform load upwards and is therefore suitable for balancing

uniform loads. The uniform load, q, is calculated from:

8Pe
Eq. 2.1 = L_2
If e.g. the dead load is to be balanced, it is set equal to g, and the required prestressing force, P,
can be calculated for a given drape, e, and span length, L. For a perfect load balancing the
equivalent force will zero out the dead load, and only the end forces will remain, leaving the

cross-section with no deflections and a constant compressive stress. [3]



2.2.2.1 ldealized parabolic model

For a continuous beam over multiple spans, there are tensile stresses in top fibres over the
supports. The tendons are placed above the centroid of the beam over the supports (in tensile
zones) and forms one parabola for each span. For an idealized model, the profile of the

parabolas and the resulting equivalent forces is illustrated in Fig. 2.11.

Fig. 2.11 Idealized parabolic model with equivalent forces [3]

The difference from the example in Fig. 2.10 is that the parabola does not have the ends at the

centroid. The uniform equivalent load q is calculated from:

__ 8Ph

Eq. 2.2 =

Where h is the drape as shown in Fig. 2.11.

2.2.2.2 Realistic parabolic model

The curvature of an idealized model is not possible to achieve due to the buckling of the tendon

at support. A more realistic model is shown in Fig. 2.12.

J0.1L 0.8L yO.1L y
R A k l\

Fig. 2.12 Realistic parabolic model with equivalent forces [3]

The curvature is smoother over the supports, but since there is inflection points on both sides

of the supports, parabolas is created over them, and the resulting equivalent force over the



support is in the opposite direction. The equivalent forces are calculated using Eq. 2.2, but the
length, L, is from inflection point to inflection point, meaning that the drape, h, also will change.
The results from the two models will differ, but the idealized model is often used to simplify

the calculations.

2.2.2.3 Load balancing of flat slabs

For a two-way edge supported slab, the edges are supported by beams or walls on all sides. For
such a slab, the load will be distributed via the beams/walls to the columns, as illustrated in Fig.
2.13. The load balancing is achieved by placing tendons in the span. The tendons can be
distributed arbitrarily between x- and y-direction, but together they must balance the desired
load. Altogether, twice the desired load is balanced, half by tendons and half by beams/walls.

[6]

Edge of supporting beam or wall

N\
¥\

il

HiEED

Fig. 2.13 Distribution of shear forces in an edge-supported slab [6]

Flat slabs behave in the same way, only that the load-bearing beams/walls is strips of slab. Since
these strips have the same thickness as the slab, it is usually less stiff and more exposed to
serviceability problems. The load distribution is about the same. To make the edges stiffer,
tendons are placed over the columns. These must carry the same load as the beams/walls for a
two-way edge supported slab, i.e. the entire load to be balanced. The further calculation is
similar as for a two-way edge supported slab. Altogether, twice the desired load must be

balanced, half by column line tendons, and half by slab tendons. [6]

There are several possible arrangements of the tendons, where some is easier to execute, and

some makes a better load balancing than others. Ideally the tendons should be distributed
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between the column lines and the span the same way as the moment is distributed. [2] Some

examples of possible tendon layouts are illustrated in Fig. 2.14.

a) b)
i i |
| 5 | i I |
. T
| Bl
c) d)

Fig. 2.14 Different tendon layouts [3]

a. Tendons only in column lines.
- Easy to execute, but no tendons in middle strips indicates that it does not result
in the best load balancing.
b. Tendons placed in column lines and in middle strips in both directions.
- The layout which is most fitted to elasticity theory and is likely to perform best.
It is difficult to execute because of weaving of tendons in spans. [3]
c. Tendons in middle strips in direction with longest span only.
- Avoids weaving of tendons in spans.
d. Tendons in middle strips in one direction, and in column lines the other direction.
- The weaving of tendons is minimized, and the execution is simplified. [4]

- Looked upon as a one-way plate with column line tendons as supports. [6]
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For slabs, normally 60 — 80% of the dead load is balanced, and for beams, often 80 — 110% of
the dead load is balanced. It is suggested to have an average effective prestressing due to the
gross sections between 0,85 and 2,0 MPa for flat slabs. The minimum value is according to
requirements from the American code; ACI 318-02, and the maximum value is suggested to

obtain an economically design. [9, 10]

2.2.3 Prestressing force

2.2.3.1 Maximum stressing force

Clause 5.10.2.1(1)P of Eurocode 2, NS-EN 1992-1-1 (EC2-1-1) gives the restriction of the force
applied to a tendon, Pmax, as: [11]

Eq. 2.3 Bnax = Ap * 0pmax
where:
Ap is the cross-sectional area of the tendon
Op,max is the maximum stress applied to the tendon
Eq. 24 Opmax = min{ kq * fpk; ky * pr,lk}
where:
fok is the characteristic tensile strength for the prestressing steel
fp0,1k is the characteristic 0,1% proof stress for the prestressing steel
k1 is a constant of 0,8
k> is a constant of 0,9

2.2.3.2 Losses of prestress for post-tensioning

For several reasons, the jacking force will be reduced. The losses of the prestress are due to
immediate losses and time dependent losses, where different actions cause the losses. For

unbonded, low-relaxation tendons, the total loss will be about 20% of the jacking force. [12]
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+» Immediate losses

The immediate losses are due to elastic shortening of the concrete, friction and anchorage set
slip. Clause 5.10.3(2) of EC2-1-1 gives the prestressing force after the immediate losses, Pmo(X):
[11]

Eqg. 2.5 Pino (x) = Prax — APy (x)
where:

APi(X) is the immediate losses

Due to elastic shortening

Because of the compression force from the anchorages to the concrete, the concrete will deform.
When tendons are stressed one after another, the compression in the member will increase. The
jack automatically compensates for the compression in the concrete, and hence, the first tendon
stressed will have the highest loss, and the last tendon stressed has zero loss. [6] The average
of the losses is used in calculations. Clause 5.10.5.1(2) of EC2-1-1 gives the mean loss in each

tendon due to elastic shortening of the concrete, APe: [11]

Eq. 2.6 AP, = A, % E, * ¥ [ﬁ
where:
Acc(t) is the variation of stress at the centre of gravity of the tendons
applied
J is a coefficient equal to (n-1)/2n where n is the number of

identical tendons successively prestressed. An approximation
of j may be taken as 0,5

Ecm() is the mean elastic modulus of concrete

Ep is the mean elastic modulus of prestressing steel

Due to friction in the post-tensioned tendons

Because of the compression due to curvature from the prestressing steel to the plastic tube, there
will be friction forces. This loss increases gradually with the distance. [6] Clause 5.10.5.2(1) of

EC2-1-1 gives an estimation of the losses due to friction, APu(x): [11]
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Eq. 2.7 AP, (x) = Ppax(1 — e #Okx)
where:
is the coefficient of friction between the tendon and the tube
is the sum of the angular displacements over a distance x
Is an unintentional angular displacement for internal tendons

X X <@ T

is the distance along the tendon from the jacking edge

Due to anchorage set slip

When the tendons are released from the jack, the wedge in the anchorage will move a distance.
This causes a loss of prestress which decreases from the anchorage over a length, Lq. The losses

at anchorage can be estimated from Eq. 2.8. [6]

Eq. 2.8 APy =2 %Ly
where:
B is the slope of the friction loss line
Eq. 2.9 Ly = —As”p*;pmp
where:
Aslip is the anchorage slip

s Time dependent losses

Time dependent losses are due to creep and shrinkage in the concrete, and relaxation in the
prestressing steel. Clause 5.10.3(4) of EC2-1-1 gives the prestressing force after time dependent
losses, Pmt(x): [11]

Eq. 2.10 Pt (x) = Ppo(x) — APy sy ()

where:

APcis+(X) is the total time dependent loss
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Clause 5.10.6(2) of EC2-1-1 gives a simplified method of finding the total time dependent loss:
[11]

eCS*Ep+O,8*Aapr+—EEp *@(t,to)*ocQp
_ cm
Eq.2.11 AP yir(x) = A,

+;—fn*i—’c’*(1+f—cc*z§p)[1+0,8*<p(t,t0)]
where:

€cs iIs the shrinkage strain

Acpr Is the absolute value of the variation of stress in the tendon due
to relaxation of the prestressing steel

o(t,to) is the creep coefficient

Oc,QP Is the stress in the concrete adjacent to the tendons caused by
dead load, initial prestress and other permanent actions

Ac is the area of the concrete section

e is the second moment of area of the concrete section

Zep is the distance between the centre of gravity of the concrete

section and the tendons

Creep

When the concrete is exposed to a load over a long time, it will continue to compress further
than the initial compress from when the load was applied. The increase of the deformation is
called creep. Creep is expressed by a creep coefficient, o(t,to) , which depends on the relative
humidity of the environment, the dimension of the concrete section, and the composition of the

concrete. [3]

Due to shrinkage

Shrinkage is caused by drying out of the concrete. As opposite of creep, it is not dependent on
the loading situation. The total shrinkage strain has two contributions; autogenous shrinkage
and drying shrinkage. Autogenous shrinkage is developed during the hardening of the concrete,
and the drying shrinkage is developed slowly over a long period, when the dry concrete is

exposed to dry air. [3]
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Due to relaxation

The losses due to relaxation is caused by a reduction of stress in the prestressing steel when it
IS exposed to a constant strain over a long period. [3] Clause 3.3.2(4)P of EC2-1-1 defines three

relaxation classes: [11]

Class 1 wire or strand — ordinary relaxation
Class 2 wire or strand — low relaxation
Class 3 hot rolled and processed bars

In calculations, the losses of relaxation are based on the percentage loss of relaxation 1000
hours after prestressing, and with a mean temperature of 20°C. From this, the final losses due

to relaxation is calculated for a time of 500000 hours. [3]

2.2.3.3 Initial prestress force

Clause 5.10.3(2) of EC2-1-1 gives the restriction of the force applied to the concrete

immediately after tensioning and anchoring, Pmo(X), as: [11]

Eq. 2.12 Pro(x) = Ay * Opmo(x)
where:
opmo(X) is the maximum stress in the tendon immediately after tensioning
Eq. 2.13 Opmo(X) = min{ k; * fou; kg * fpo1k}
where:
k7 is a constant of 0,75
Ks is a constant of 0,85

This restriction corresponds to a minimum of about 6% immediate losses.
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2.3 Analysis and design guidelines for prestressed concrete members

with unbonded tendons

For requirements and calculations, Eurocode 2, NS-EN 1992-1-1, is mainly used, but additional
literature is also used as supplement. This chapter also contains information about materials and

post-tensioning systems which can be useful for design purposes.

2.3.1 Material
2.3.1.1 Concrete

In structures that are prestressed, concrete with a higher strength than usually used for normal
reinforced structures is often preferred. The main reason for this is that the concrete is exposed
to a larger compression stress due to the prestressing. By increasing the concrete strength, one
can decrease the deflections, increase capacities, and hence keep the dimensions to a minimum.
Often used strength classes are B35 — B55, but for some occasions also higher strength classes
are used. The composition of the concrete is chosen to obtain little creep and shrinkage. This

reduces the losses of the prestressing force and deflections for long-term effects. [3, 6]

2.3.1.2 Steel reinforcement

Steel reinforcement is used in prestressed concrete for the same reasons as for conventional
reinforced concrete structures; to give strength, ductility and serviceability to the concrete
sections. It can be used to increase the tensile strength and ductility in areas where the amount
of prestressed steel is not adequate. It can be used for crack control at service loads. It is also
used in the anchorage zones of the prestressed steel to increase the resistance to the transverse

tension and high stresses that occurs. [6]

2.3.1.3 Prestressing steel

The losses of the prestressing force due to creep and shrinkage are largely independent of the
strength of the steel. This means that for a conventional reinforcement steel, the losses of the
prestressing force are larger than for a high-strength steel in percentage. For a practical design,

the loss should be a relatively small amount of the total force, and hence the steel should be
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able to carry very high stresses. A tensile strength of 1000 — 1900 MPa is normal for modern

prestressing steel. [3, 6]

2.3.2 Durability
Clause 4.1(1)P of EC2-1-1 states that “a durable structure shall meet the requirements of

serviceability, strength and stability throughout its design working life, without significant loss

of utility or excessive unforeseen maintenance.” [11] The design working life of a structure
should be specified according to clause 2.3 of Eurocode 0, NS-EN 1990 (ECO), as shown in
Tab. 2.1.

Design working Indicative design
_ - Examples
life category working life (years)
1 10 Temporary structures
2 10to 20 Replaceable structural parts, e.g. gantry

girders, bearings

3 1510 30 Agricultural and similar structures

4 50 Building structures and other common
structures

5 100 Monumental building structures, bridges,

and other civil engineering structures

Tab. 2.1 Indicative design working life [13]

The exposure of the chemical and physical conditions of the structure are accounted for by
classifying the environmental conditions according to table 4.1 of EC2-1-1. [11] The risk of
corrosion, and the reason why corrosion may occur is essential when deciding the exposure
class. To avoid corrosion of the reinforcement, there are minimum requirements for the concrete
cover, which is the distance between the concrete surface and the surface of the reinforcement
closest to the concrete surface.
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Eg. 2.14 Cmin = max{cmin,b; Cmindur + Acdur,y - Acdur,st - Acdur,add; 10mm}

where:
Cmin is the minimum concrete cover
Cminb is the minimum cover due to bond requirement
Cmin,dur is the minimum cover due to environmental conditions
ACdur,y is the additive safety element
ACdur,st is the reduction of minimum cover for use of stainless steel
ACdur,add is the reduction of minimum cover for use of additional protection

The concrete cover used for dimensioning is a nominal cover, chom, Where an additional value

for allowance in design, Acdev, is added. This value is normally 10 mm. [11]

2.3.3 Initial determination of thickness for post-tensioned flat slabs

The slab thickness must be chosen to have sufficient stiffness due to deflections, and to be
durable enough. Fig. 2.15 shows a recommendation from the Post-Tensioning Institute for the
design of post-tensioned slabs, dependent on the span length. For flat slabs, the ratio of 45, and
the longest span length should be used. [6] Fig. 2.16 shows a suggestion of how the ratio could
be reduced due to an increase of the super-imposed load on the structure. The most suitable slab
thickness may differ from these recommendations because the ratio depends on many different

factors.

Span-to-depth

Floor system ratio Ifh
Flat plate 45
Flat slab with drop panels 50
QOne-way slab 48
Edge-supported slab 55
Waffle slab 35
Band beams (b =~ 3h) 30

Fig. 2.15 Span-to-depth ratio for initial determination [6]
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Fig. 2.16 Reduction of span-to-depth ratio due to increased loads [6]

2.3.4 Minimum reinforcement
To prevent brittle failure, wide cracks and resist forces arising from restrained actions, the EC2-
1-1 gives regulations of the minimum reinforcement required. The minimum tensile

reinforcement, Asmin, IS given in clause 9.2.1.1(1): [11]

Eq. 2.15 Agmin = max {0,26’};’: b,d: 0,0013btd}
where:
fetm is the tensile strength of the concrete
fyk is the characteristic strength of the reinforcement
bt is the width of the tension zone
d is the effective depth of the cross-section

The maximum cross-sectional area of reinforcement, Asmax IS given by clause 9.2.1.1(3) in
EC2-1-1: [11]

Eq. 2.16 Ag max = 0,044,

The maximum spacing between bars in a slab, Smaxslabs, IS given by clause 9.3.1.1(3) in EC2-1-
1: [11]

- For the principal reinforcement: 3h < 400 mm, where h is the height of the slab

- For the secondary reinforcement: 3,5h < 450mm
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In areas with concentrated loads or areas of maximum moment:

- For the principal reinforcement: 2h < 250 mm

- For the secondary reinforcement: 3h < 400mm

Clause 9.4.1(2) of EC2-1-1 states that at interior columns, half of the required reinforcement in
top should be placed within 0,125 times the span width to both sides of the columns unless

precise calculations are made for the serviceability limit state. [11]

2.3.5 Tendon spacing
The minimum clear spacing between ducts should according to EC2-1-1 clause 8.10.1.3 be in
accordance with Fig. 2.17. Since unbonded tendons are not placed inside ducts, the clauses

apply only to bonded tendons.

Zdg+ 5
.
=50 mm

=
> 40 mm .
=
z I ;
= 40 mm
O

Fig. 2.17 Minimum clear spacing between ducts [11]

Unbonded tendons can be placed in groups of up to four, where the tendons lie next to each
other with same heights. The spacing between groups of tendons should be minimum 75mm,

or greater than the group width if larger. [14]

At the edges the spacing between anchorages should be in accordance with Fig. 2.18, Fig. 2.19
and Tab. 2.2. These requirements is valid for the BBR VT CONA Single 0,62 system only.

[1]
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i (i+k)/2 .

Fig. 2.18 Spacing of anchorages for the BBR VT CONA Single 0,62 system [1]

dlr||ir|

Fig. 2.19 Spacing of anchorages for the BBR VT CONA Single 0,62” system [1]

Concrete strength c/c spacing Minimum slab thickness
fox [ k d1imin O2min
B30 110 170 130 190
B35 110 170 130 190
B45 100 160 120 180
B55 100 160 120 180
B65 100 160 120 180

Tab. 2.2 Spacing of anchorages and minimum slab thickness for the BBR VT CONA Single 0,62” system [1]
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2.3.6 Analysis of flat slabs
EC2-1-1 Annex | has information on how flat slabs should be analysed. It states that flat slabs
should be analysed using a proven method of analysis such as grillage, finite element, yield line

or equivalent frame.

For an equivalent frame analysis, the slab is divided into longitudinally and transversely frames
consisting of columns and parts of the slab. The total bending moments from analysis should
be distributed across the width of the slab. EC2-1-1 Annex | divides the panels into column-
and middle strips, according to Fig. 2.20, and suggests that the total bending moment is
distributed according to Tab. 2.3.

k(> h) :
WALWA  [B]=h-h2 o
_:_"5_":"-’;'&1 _______________ :“"é"_:_-
B 7 B
S gt A= 2 g [A] - column strip
I S O S ... [B]-middle strip

|
|
|
T
|
|
- =t
|

Fig. 2.20 Division of panels in flat slabs [11]

Negative moments Positive moments
Column strip 60 — 80 % 50-70 %
Middle strip 40-20 % 50-30%

NOTE: Total negative and positive moments to be resisted by the middle and column strips together should

always add up to 100%

Tab. 2.3 Simplified apportionment of bending moment for a flat slab [11]
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Whenever a flat slab is prestressed, the distribution of the bending moments between column
and middle strips are usually not considered. [15] Technical Report No. 43 from the Concrete
Society states that “... due to cracking an averaging of the bending moments across the full

panel would normally produce an acceptable solution.” [14]

When using a finite element analysis, design strips can be used according to Fig. 2.21. The
bending moments may be averaged across these strips. The width of design strip 2 and 3 is
0,4(w1two). [14]

lines of column
zero shear . centreline
. ~————— 5 .
8\ S
w W 3
“\ design
/ strips

Fig. 2.21 Design strips for bending moments in a finite element analysis [14]
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2.3.7 Ultimate Limit State (ULS)
Ultimate limit states are used to avoid collapse of the structure. Equations 6.10a and 6.10b in
clause 6.4.3.2 of ECO contains the load combinations of current interest, where the most

disadvantageous one should be used: [13]

Eq.2.17 2j>176,jGrj + VPP + V0 1%0,10Qk1 t 2i>1Y0,i¥0,i Ok,
Eq.2.18 2i>1$Y6,jGrj + VPP +v01Qk1 + Xi>170,i¥0,iQk.i
where:
Gk is the characteristic value of permanent action j
P is the representative value of a prestressing action
Qi is the characteristic value of a variable action i
Wo,i is a factor for combination value of a variable action i
& is a reduction factor of a variable action j
YGj is the partial factor of a permanent action j
YQii is the partial factor of a variable action i
YP is the partial factor of the prestressing forces

ve should be the most disadvantageous of 0,9 and 1,1 according to clause NA.2.4.2.2 of EC2-
1-1. In addition, an additional stress, Aop,uLs, 0f 100MPa should be added to the effect of
prestressing in ULS calculations given that the tendons is in tension zone in both span and at
supports according to clause NA.5.10.8 of EC2-1-1. [11]
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2.3.7.1 Bending moment

% Design bending moment

The total design bending moment is the sum of moments due to dead load, live load and the

secondary actions in the slab due to the prestressing forces.

Eq. 2.19 Mgq = YgMgr,g + VaMgrq + Ve Mgk n
where:
Mek,g is the characteristic moment due to dead load
Mek g is the characteristic moment due to live load
Mek g is the characteristic hyperstatic moment
7\ . WY \ W A
N N\
MEd’g+q \ ’ | ’ /; é \‘\‘\L gy \\ 1 1 >
| J N \J | J
\L,—J .
+
MEd.h e g = A T ==
] ¥ ] 4 '
MEd - e, N S .
N T T 1/ <JTT ¥V N 7
L LY NN |
» _A‘/’ A “!K‘y'//

Fig. 2.22 Illustration of total design bending moment

The secondary actions from prestressing causes a hyperstatic moment because the member
cannot freely move due to constraint by the supports in statically indeterminate structures. [16]
As one can see in Fig. 2.22, the hyperstatic moment will increase the value of the sagging

moment in span and decrease the hogging moment at supports.
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The hyperstatic moment can be calculated as shown in

Eqg. 2.20.
Eq. 2.20 M, = M, — M,
where:
Mh is the hyperstatic moment
Mp IS the prestressing moment
Mo is the primary moment

The prestressing moment is calculated by the equivalent forces from the tendons, and the
primary moment is the moment directly caused by the prestressing force and the eccentricity of
the tendons. Only the hyperstatic moment is used in the combination of design bending moment,
this is because the tendons are not looked upon as forces acting on the member, but internal

resistance increasing the bending moment capacity. [3]

% Bending moment capacity

The bending moment capacity calculations are based on lectures in the course Concrete

Structures 3 at the Norwegian University of Science and Technology.
The forces in the tendons, Sp, are calculated from:
Eq 2.21 Sp = N(Pmt + AO'p'ULS * Ap)

where:

N is the number of tendons

The forces in the reinforcement, Sq, are calculated from:

Eq 2.22 Sd = fyd * AS
where:
fyd is the design strength of the reinforcement
As is the area of the reinforcement
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The effective height of the cross section, de, is calculated from:

Eq. 2.23 ders = %
where:
dp is the effective height of the cross section due to the tendons
dd is the effective height of the cross section due to the reinforcement

The factor, a, is calculated from:

Eq. 2.24 a= %
where:
fed is the design compression strength of the concrete
b is the width of the section

The bending moment capacity, MR, is then calculated from:

Eq. 2.25 Mpy =08*a*(1—0,4a) = b * dgff * foq

Wherever the tendons are distributed across the slab, the capacity is calculated using the whole
width of the strip, i.e. the half of the span in each direction from the column centre (like a one-
way plate). Where the tendons are banded over columns, the capacity is calculated using the
half width of the strip, while the design bending moment comes from the full width of the strip.

This will be a conservative approach. [15]

2.3.7.2 Shear

In flat slabs the local shear stresses around the columns can be high and lead to punching shear
failure. The failure due to punching shear in a slab/column connection has the form of a cone

surrounding the columns, see Fig. 2.23. [4]
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Fig. 2.23 Idealized punching shear failure [4]

A control perimeter, us, is defined by Fig. 2.24, where the distance from the edge of the column
to the perimeter is two times the effective slab thickness. The effective slab thickness, deff, can
normally be taken as the average of the effective depths of the reinforcement in the two

orthogonal directions. [13]

2d  9d - =-=a
2d us 2d ’ N\ u
3 r"'_____\/ ra \/
P S i ! I A p Y
’ N | | 2d *
£ A 1 | Ay
! ¥ bz| 1 I f !
1 ! I | I |
\ ! | | [ I
A / 1 ] 1 '
~ s \ ’ \ i
~e -7 ~ o e e - N s
by

Fig. 2.24 Typical basic control perimeters [13]

The shear stresses, Veq, is calculated as: [11]

Eq. 2.26 Vgq = B u:;jﬁ
where:
B is a factor that consider the unbalanced moment in the column
VEd is the shear force (reaction force in the column)
Ui is the perimeter where the stresses are calculated
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EC2-1-1 clause 6.4.3(2) states that shear stresses at the column edge must not exceed Vrd,max,
and where the shear stresses at the control perimeter exceeds Vrdc, Shear reinforcement is

needed.

The punching shear resistance, vrd,c (in MPa), may be calculated as presented in EC2-1-1 clause
6.4.4(1):

Eq. 2.27 VRa,c = Max [CRd’Ck(looplfck)g + k10cp; Vmin + klocp]
where:
Cra,c is a factor of 0,18/y.
Ye is the partial factor of concrete

k ismin |1+ [=2;2,0 (defr in mm)
deff
Pl is min[,/ply * Dixs 0,02]

Ply, Pix is the reinforcement ratio calculated from the bonded
reinforcement in the two directions

fex is the characteristic compression strength of concrete

k1 is a factor of 0,1 when compression and 0,3 when tension

Gep is the average of the normal concrete stresses in the two directions
3 1

Vmin is 0,035  kz * f2

The maximum punching shear resistance, Vrdmax, IS calculated as expressed in EC2-1-1 clause
NA.6.4.5(3):

Eq. 2.28 VRd,max = 0,4 *v fcd
where:
v isQ6(1—1ﬁ)
250

According to EC2-1-1 clause NA.6.4.5(3) the maximum punching shear resistance should be

limited t0 1,6 * vgg . * Bu_; where VR4 IS calculated without the axial stresses (ki6cp=0). The
*Ug

clause also states that this limitation can be ignored if the contribution from concrete
(0,75*vraq,c) is ignored in the calculation of the necessary shear reinforcement, see Eq. 2.29.
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In slabs with shear reinforcement, the punching shear resistance, Vra.cs, is calculated according
to EC2-1-1 clause 6.4.5(1):

Eq. 2.29 Vracs = 0,75Vpqc + 1,5 (d::f) Asw fywd,ef (uld—eff> sina
where:

Sr is the radial spacing of layers of shear reinforcement

Asw is the area of shear reinforcement in each perimeter

fywdef is effective design strength of the punching shear reinforcement
= 250 + 0,25d < fywd

fywd is the design yield strength of the shear reinforcement

a is the angle between the shear reinforcement and the plane of the
slab

2.3.8 Serviceability Limit State (SLS)
Serviceability limit states are limit states that affects the function of the structure, the comfort
of people and the appearance of the structure. [13] The usual serviceability limit states are: [11]

- Stress limitation
- Crack control

- Deflection control

Clause 6.5.3 of ECO recommends the use of the quasi-permanent load combination when long-

term effects and the appearance of the structure is checked: [13]

Eq. 2.30 Y21 Grj+ P+ i1 2,0k,
where:

Y2, is a factor for quasi-permanent value of a variable action i

2.3.8.1 Stress limitation

EC2-1-1 has limitations of the stresses in the concrete. The stresses are checked at transfer,
when the prestressing force is not affected by the time dependent losses, and under full service

loads, where the effect of prestress losses from creep and shrinkage are accounted for. [6]

The compressive stresses are checked to avoid longitudinal cracks. At transfer, the limitation
of the compressive stress is 0,6fc«. [6] The initial load combination is the characteristic
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prestressing force with immediate losses, and the characteristic dead load. Under full service
loads, which are the quasi-permanent loads, the limitation of the compressive strength is 0,45fcx.
If the compressive stress exceeds this limit, the effects of non-linear creep should be considered.
[11] For this load combination, the characteristic prestressing force with all losses included,

and the characteristic dead load plus the permanent part of the live load is used.

Clause 7.1(2) of EC2-1-1 limits the tensile stresses to the concrete tensile strength, fcim. A larger
tensile stress than this limit, indicates that the concrete will have cracks. However, if some
minor cracking occurs, reinforcement or tendons near the tensile face will control the cracks. It
is important to control the tensile stresses at transfer since areas with compressive stresses under
full service loads might be subjected to tensile stresses at transfer. If the concrete cracks at

transfer, the cracks might not close completely at service, and it can result in local spalling. [6]

However, when analysing flat slabs, it may be suitable to calculate the stresses looking at the

full width of design strips. When calculating the stresses using design sections with the width

of half the span to both sides of the columns, the limitations are presented in Tab. 2.4.

In tension
With bonded Without bonded
Location In compression reinforcement reinforcement
Support 0,3fex
0 , 9fctm 0 ) 3fctm
Span 0,4fcx

Note: Bonded reinforcement may be either bonded tendons or un-tensioned reinforcement

Tab. 2.4 Stress limitations when using full width in stress calculations [14]
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Whenever a finite element analysis with design strips according to Fig. 2.21 is used, the

limitations are presented in Tab. 2.5.

In tension
With bonded Without bonded
Location In compression reinforcement reinforcement
Support
O,4fck 1,2fctm 0,4fctm
Span

Tab. 2.5 Stress limitations when using a finite element analysis with design strips from Fig. 2.21 in stress
calculations [14]

The stresses are calculated from Eq. 2.31. It adds the compressive stresses due to prestressing
to the bending moments due to the tendon curvatures and other service loads. The effect of the
different excitations is added or subtracted depending on the situation and in what fibre the

stress is calculated. An illustration of this is shown in Fig. 2.25.

P P M
Eq. 2.31 o=-4+—2 2
A 1 1

where:
is the stress

is the prestressing force

> T a

is the area of which the prestressing force is acting on
e is the eccentricity of the tendons
I is the second moment of area

is the distance from the centroidal axis of the section to the fibre

<

is the service moment excluding the moment from the tendons
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Fig. 2.25 Concrete stresses at transfer [6]

2.3.8.2 Crack control

If the tensile strength of the concrete, fcm, IS exceeded, the concrete will crack. The crack control
of flexural cracks in a prestressed slab is in general not critical if there is placed a sufficient
amount of reinforcement in the tensile zone. [6] If the concrete cracks, the crack width should
be limited to avoid that the function, appearance or durability of the structure is unacceptable.
The maximum crack width allowed is given by table 7.1N of EC2-1-1: [11]

Exposure Reinforced members and prestressed Prestressed members with
Class members with unbonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 04 0,2
XC2,XC3, XC4 0,2?
0,3
XD1, XD2, XS1, Decompression
XS2, XS3 P
Note 1: For X0, XC1 exposure classes, crack width has no influence on durability and this limit
is set to guarantee acceptable appearance. In the absence of appearance conditions
this limit may be relaxed
Note 2: Forthese exposure classes, in addition, decompression should be checked under the
guasi-permanent combination of loads.

Fig. 2.26 Recommended values of maximum crack width (mm) [11]
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Wherever crack control is required, there are limits for the minimum amount of bonded

reinforcement in areas with tension. The calculation of the minimum reinforcement may be as
given in clause 7.3.2(2) of EC2-1-1: [11]

Eq.2.32 As,minas = kckfct,effAct
where:

As min is the minimum area of reinforcement within the tensile zone

Os is the maximum stress permitted in the reinforcement

Ke is a coefficient that accounts for the stress distribution within
the section immediately prior to cracking and the change of the
lever arm

k is a coefficient that accounts for the effect of non-uniform self-
equilibrating stresses

fet,eft is the mean value of the tensile strength of the concrete at the
time when cracks may first be expected

Act is the area of concrete within the tensile zone

To control the crack width, it can be calculated from clause 7.3.4 in EC2-1-1, but it is also

possible to do a simpler crack control without calculating the actual crack width. This is done

by finding maximum bar diameters and spacing from the following tables due to the steel stress

in the cracked section.

Steel stress Maximum bar size [mm]
[MPal] w,= 0.4 mm w,= 0.3 mm w,= 0,2 mm
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 3 5
400 8 6 4
450 6 5 -

Fig. 2.27 Maximum bar diameters for crack control [11]

Steel stress Maximum bar spacing [mm]
[MPa] wi,=0.4 mm wx=0,3 mm w,.=0.2 mm
160 300 300 200
200 300 250 150
240 250 200 100
280 200 150 50
320 150 100 -
360 100 50 -

Fig. 2.28 Maximum bar spacing for crack control [11]
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2.3.8.3 Deflection control

The deflections due to the quasi-permanent loads should not exceed the limit of L/250, where
L is the shortest span of the area to be controlled. Since only the permanent part of the live load
is included, it is sufficient to place the live load in every span when calculating the deflections.
[11]
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3 Determination of conditions

In this thesis, several imaginary flat slabs are being checked. The common denominators for all

these slabs are described in this chapter.
3.1 Material

The following materials are used:
Concrete, B35 / B45:

- fw:  35/45MPa Characteristic compressive strength
- fum: 3,2/3,8 MPa Mean axial tensile strength

- Eem: 34/36 GPa Mean elastic modulus

- o 0,85 Coefficient

- e 1,5 Partial safety factor

- W 2400kg/m®  Weight of unreinforced concrete

Reinforcement, B500ONC:

- fw: 500 MPa Characteristic strength
- Ess 200 GPa Mean elastic modulus
- s 1,15 Partial safety factor

Prestressing steel, BBR VT CONA Single 0,62 [1]

- Ap 150 mm? Area of tendon
- dp: 15,7 mm Diameter of tendon
- dp2r 20 mm Diameter of tube surrounding tendons

- fo 1860 MPa  Nominal strength
- fpo: 1670 MPa  Nominal yield strength

- Y 1,15 Partial safety factor

- Ep: 196 GPa Mean elastic modulus
- W 0,05 Friction coefficient

- ke 0,01 rad/m  Wobble coefficient

- As: 4mm Anchorage set slip
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3.2 Design

The design of the flat slabs used in this thesis are shown in Fig. 3.1 and Fig. 3.2. The slabs
consist of three spans in one direction, and two in the other. The spans in the same direction
will have equal lengths. The span lengths, slab thickness, columns, reinforcement and tendons
will be changed for different slabs. The flat slab is set to be a part of an office, and the only
structural load considered besides the self-weight of the slab, and the loads due to prestressing,

is a live load of 3 kN/m?. The column/slab connection is modelled as hinged.

& © & ©

Ly

Ly

Lx Ix ILx

Fig. 3.1 Flat slab plan view

Fig. 3.2 Flat slab 3D view
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4 Validation and comparison of FEM-results

To validate the results obtained from the Finite Element Method, the results from the programs;
FEM-Design and ADAPT, are being compared with each other, as well as with hand
calculations. This is done for one slab with a given tendon layout, and the calculations for this
slab are shown in Appendix A - K. Calculations for other slabs will be done similar to this, but
they will not be shown in its entirety in appendices.

4.1 Design

The flat slab used for the validation and comparison example is illustrated in Fig. 4.1. It consists
of three spans of 9 metres in x-direction, and two spans of 6 metres in y-direction. The slab
thickness is set to 200 mm due to the span/thickness factor from chapter 2.3.3. The columns are
circular with a diameter of 400 mm. The connections between the slab and the columns are set

to be hinged.

O © & )

b ] @

9,00 S.00

.00

.00

Fig. 4.1 Flat slab for validation of and comparison of FEM-results [in m]

Calculations for cover needed to the reinforcement and tendons, creep and shrinkage

coefficients, and minimum reinforcement are shown in Appendix A, B and C.
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4.1.1 Load balancing - Tendon layout and profiles

The tendon layout is chosen to be like d) in Fig. 2.14, with concentrated tendons over the
columns in the long-span direction (x-direction), and distributed tendons in the short-span
direction (y-direction). The tendons will be placed with the same maximum eccentricity over
columns and will hence most likely intersect each other in reality. This has not been considered

in the further calculations but should be noticed when detailing.

The number of tendons chosen is 24 and 34 in respectively x- and y-direction. This corresponds
to an average prestressing of 1,79 MPa and 1,12 MPa, in addition to about 50% and 70% of the
dead load balanced due to the idealized parabolic model. The procedure of load balancing is

presented in Appendix D.

The layout of the tendons, and the profile of the tendons are shown in illustrations in the
following chapters.

4.2 Modelling

The two programs used in this thesis are FEM-Design and ADAPT. FEM-Design is a software
for finite element analysis made for the design of concrete structures, but developed to also
model, analyse and design steel, timber and foundation structures according to Eurocode with
national annexes. [17] The feature of modelling unbonded tendons was new due to January
2018. The feature is for analysis purposes only. FEM-Design converts the tendon profiles into
equivalent loads which is used in load combinations for the analysis. The finite element types
used in the analysis are fine elements with 9, 6 and 3 nodes for hence square, triangular and line

elements.

ADAPT is a three dimensional finite element software made for analysis and design of concrete
and post-tensioned floor systems. [18] The software is based on the American code ACI 318,
but it also supports the European EC2, but without national annexes. As opposite to FEM-
Design, the modelling of tendons is not done as applied loading, but as load resisting elements.
This means that the tendons are not “removed” from the concrete member. [19] By default, the

finite element types used in the program is flat quadrilateral shell elements. [20]
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4.2.1 FEM-Design 17

The full modelling progress is shown in Appendix E.

FTITTITT

Fig. 4.2 Physical 3D-model in FEM-Design

1 tendon per line
6 tendons [ €51 8] I

6 tendons E
6 tendons - T : =

6 tendons |,
N v

Fig. 4.3 Tendon layout in FEM-Design

45

7T

Height [mm]
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=)

000 082 263 E.BE 620 682 .77 1178 1240
Length [m]

Fig. 4.4 Tendon profile y-direction in FEM-Design
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4.2.2 ADAPT-Floor Pro

Height [mm]

=}

0.00082

3

30

Fig. 4.5 Tendon profile x-direction in FEM-Design

B.289.200.10 1370

Length [m]

17.308.209.12

The full modelling progress is shown in Appendix F.
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Fig. 4.8 Tendon profile y-direction in ADAPT
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Fig. 4.9 Tendon profile x-direction in ADAPT

4.2.3 Differences in the modelling and analysis process

The main difference between the two programs is that ADAPT can be used to design post-
tensioned flat slabs, while FEM-Design uses post-tensioning with unbonded tendons only for
analysis purposes. ADAPT uses design sections where the bending moments are averaged

across the width, while FEM-Design does not.

Both programs can estimate the initial prestressing losses of the tendons, while only FEM-
Design can estimate the long-term losses. In ADAPT the long-term losses are inserted
manually. It should be noted that long-term losses can be calculated by another ADAPT

software, but this has not been used in this thesis.

There are some differences in load cases they use for the prestressing force. FEM-Design
extracts two different load cases, one including only the initial losses of the prestressing force,
and one including the total losses. The first one can then be used for the load combination at
transfer, while the latter can be used for the quasi-permanent load combination. ADAPT only
extracts one load case which includes the total losses of the prestressing force. This is used in
both the initial and the quasi-permanent load combination. This should be noted when checking
the load combination at transfer, because it will cause a less prestressing force used in

calculations than it is.

ADAPT creates a load case called hyperstatic, which results in the hyperstatic bending moment

as explained in chapter 2.3.7.1. This load case is added in the strength load combinations and

43



will lead to a reduced hogging moment and an increased sagging moment. FEM-Design does

not calculate this moment, and the strength load combinations will hence not be valid.

The effect of creep and shrinkage for long-term deflections are also accounted for differently.
FEM-Design uses values as calculated in EC2-1-1, while ADAPT uses a creep and shrinkage
factor as given by the American code ACI 318-02. This factor is used to multiply the results
from the sustained load combination with 1 + creep and shrinkage factor.

4.3 Losses of prestress

To verify the calculations of the losses of prestress, the distributed tendons in y-direction, and
the banded tendons in the interior strip in x-direction is checked. Since the calculation of the
losses cannot be viewed in ADAPT, only hand calculations and estimations from FEM-Design
are compared. The calculations of both the hand calculations and FEM-Design are based on

EC2-1-1 and should resemble each other. Hand calculations are shown in Appendix G and H.

4.3.1 Distributed tendons - Y-direction
The calculated losses are presented in Tab. 4.1, and the resulting stress function from hand
calculations and FEM-Design are shown in Fig. 4.10 and Fig. 4.11. Further comments on the

results are made in chapter 4.3.3.
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Losses of prestress Hand calculations FEM-Design

Due to friction (at dead end) 5,1 kN (2,3%) 5,1 kN (2,3%)
Due to anchorage set slip (at live end) 13,9 kN (6,2%) 14,6 kN (6,5%)
Due to elastic shortening 0,9 kN (0,4%) 1,1 kN (0,5%)
Initial losses, APmo (average) 12,0 kN (5,4%) 13,1 kN (5,9%)
Due to creep 0,6 kN (0,3%) 3,3 kN (1,5%)
Due to shrinkage 14,1 kN (6,3%) 14,1 kN (6,3%)
Due to relaxation 8,0 kN (3,6%) 8,1 kN (3,6%)
Total losses, APmt (average) 34,7 kN (15,5%) 38,6 kN (17,3%)

Tab. 4.1 Losses of prestress in y-direction

1280
1275
1270
1265
1260
1255
1250
1245
1240
1235
1230

Stress [MPa]

0 1 2 3 - 5 [ 7 B g 0 11 12 13
Distance from jacking end [m]

Fig. 4.10 Stress function with all losses included — Hand calculation, y-direction
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Tension [M/mm2]

1215

1210
0,00 LED 3.00 4,50 .00 7.50 9,00 10.50 12,00
Length [m]

Fig. 4.11 Stress function with all losses included — FEM Design, y-direction

4.3.2 Concentrated tendon - X-direction
The calculated losses are presented in Tab. 4.2, and the resulting stress function from hand
calculations and FEM-Design are shown in Fig. 4.12 and Fig. 4.13. Further comments on the

results are made in chapter 4.3.3.

Hand calculations

Losses of prestress

FEM-Design

Due to friction (at dead end)

6,8 kN (3,0%)

6,8 kN (3,0%)

Due to anchorage set slip (at live end)

10,8 kN (4,8%)

10,7 kN (4,8%)

Due to elastic shortening

4,3 kN (1,9%)

8,2 kN (3,7%)

Initial losses, APmo (average)

11,8 kN (5,3%)

15,9 kN (7,1%)

Due to creep

12,5 kN (5,6%)

19,5 kN (8,7%)

Due to shrinkage

14,1 kN (6,3%)

14,1 kN (6,3%)

Due to relaxation

8,0 kN (3,6%)

7,7 kN (3,4%)

Total losses, APmt (average)

46,4 kN (20,8%)

57,2 kN (25,6%)

Tab. 4.2 Losses of prestress in x-direction
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g. 4.12 Stress function with all losses included — Hand calculation, x-direction
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Fig. 4.13 Stress function with all losses included — FEM-Design, x-direction

4.3.3 Discussion

In Tab. 4.1 and Tab. 4.2 one can see that the results due to friction, relaxation and shrinkage
corresponds very well. The loss due to anchorage set slip differs a bit in y-direction. The hand
calculations are based on a linear loss of prestress due to friction as shown in Fig. 4.14. This is
a simplification of the stress function, as the sum of the angular displacement along the tendon
does not increase linearly along the tendon. FEM-Design does not use a linear loss line as shown
in Fig. 4.15. The slope of the loss line at the anchorage is larger than the average slope, and this
will lead to an increased loss of prestress due to the anchorage set slip. Due to this, it is assumed
that the estimate of the losses due to anchorage set slip from FEM-Design is more accurate than

hand calculations.
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Fig. 4.14 Stress function with friction losses included — Hand calculation, y-direction
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Fig. 4.15 Stress function with friction losses included — FEM-Design, y-direction

The losses due to elastic shortening and creep differs in the two calculations. Further
investigation on this shows that the calculation of the stresses, Acc and oc,gp, is likely to be the
reason of this. FEM-Design calculates, if the parent object of the tendons is a plate, the stresses
based on a 1m strip. For the Ao calculation, the number of tendons within 1m can be inserted,
while it cannot for the o gp calculation in the long-term loss estimation. FEM-Design probably
uses the inserted number of tendons within a 1m strip for the calculation of Acc, and the number
of tendons represented by the current line for the ocop calculation. Fig. 4.16 shows the
difference of these two number of tendons. It has not been confirmed by the software supplier
that this is the case, but the hypothesis is supported by calculations showed in Tab. 4.3.
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Fig. 4.16 Different number of tendons used in calculations

Also, since the stresses are calculated before the slab is analysed, it is assumed that it does not
account for the bending moment due to permanent loads, which would decrease the calculated
stress. This is also not confirmed but supported by results presented in Tab. 4.3. The table
presents the results the hand calculations would have if they were calculated the way FEM-

Design does if my presented hypothesis is used.
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Hand calculations Hand calculations

ealt FEM-Desi _
(initial) esign (hypothesis)
Ace 2,11 MPa 2,16 MPa 2,09 MPa
5 Lossesdueto g, 040%6)  11KN(05%) 09 kN (0,4%)
= elastic shortening
D
-
5 oeop 0,31 MPa 1,69 MPa 1,70 MPa
>-
mesﬁig 0,6 kN (0.3%)  33KN(L5%) 3.2 kN (14%)
Ace 9,95 MPa 20,79 MPa 20,81 MPa
& Lossesdueto 41\ (19%6)  82KN(3.7%) 9,0 kN (4,0%)
S elastic shortening
(D]
|-
= oeop 6,53 MPa 10,0 MPa 9,97 MPa
X

Losses due to

croep  125KN(56%)  195KN(87%) 190 kN (8,5%)

Tab. 4.3 Presentation of results with hand calculations based on hypothesis

These results indicate that the hypothesis is completely or partially true. This means that FEM-
Design neglects the moments from permanent loads and uses a 1m strip neglecting the influence
from tendons idealized by another line in the model that is closer than 1m. In addition, it
neglects the fact that the compressive stress at the anchorages will spread out across the width
of the slab.

The stresses used in calculations are the stresses at the tendon height above the internal columns.
The real stresses will vary both in distance from the anchorages, and at different tendon heights.
The average stress will hence be lower than what is used in calculation, and the calculated losses

due to creep will be conservative.

Since ADAPT will be used in great extent in the further part of the thesis, and it does not
estimate long-term losses itself, a chosen effective force will be used for other models in
ADAPT. The effective force is chosen to have a total of 20% losses based on theory from

chapter 2.2.3.2 and presented results.
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4.4 Deflection

The deflection of the initial and the quasi-permanent load combinations are calculated by the

two finite element models.

4.4.1 Initial load combination
The deflections for the initial load combination including the characteristic prestressing actions

and dead load are presented in Fig. 4.17 and Fig. 4.18.

Fig. 4.17 Initial deflections — FEM-Design [mm] (negative values = downward deflections)
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-0.63

Fig. 4.18 Initial deflections — ADAPT (positive values = downward deflections)
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The deflection pattern of the two results is very similar to each other. The maximum deflection

is 1,4mm larger in the results from ADAPT. Since ADAPT does not have a load case with only

the initial losses of prestress included, ADAPT will use a lower prestressing force in the

calculations than FEM-Design. This will lead to a larger deflection. If the deflection in FEM-

Design is calculated with all losses included, the maximum deflection is 6,9mm. The difference

will then be only 0,3mm, which indicates that the models are quite similar.

4.4.2 Quasi-permanent load combination

The deflections for the quasi-permanent load combination including the characteristic dead load

and prestressing actions, permanent part of the live load, and the effects from shrinkage and

creep are presented in Fig. 4.19 and Fig. 4.20.
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Fig. 4.19 Quasi-permanent deflections — FEM Design [mm] (negative values = downward deflections)
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Fig. 4.20 Quasi-Permanent deflections — ADAPT (positive values = downward deflections)
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The pattern of the two results corresponds to each other. Maximum deflection in ADAPT is
27,5mm while it is 30,5mm in FEM-Design. The little difference in the two results is likely due
to the way shrinkage and creep effects are accounted for, as explained in chapter 4.2.3.

It should be noted that the maximum allowed deflection, L/250 = 24mm, is exceeded in these
finite element calculations. The design will hence not be sufficient due to serviceability limit
states. To get a sufficient result, several parameters could be changed. A larger amount of
prestressing or a thicker slab could be suitable.

4.5 Stresses

The stresses are calculated by hand, in addition to FEM-Design and ADAPT. They are
calculated for the initial and quasi-permanent load combination at column and at span. In the
x-direction it will be calculated at the exterior span, and not at the interior span. Tensile stresses
are represented with positive values. FEM-Design does not use design strips, but the stresses
have manually been averaged across the width of design strips according to chapter 2.3.6. It
should be noted that hand calculations and ADAPT-calculations are not based on the same
design strips as FEM-Design, but on full width design strips. According to chapter 2.3.8.1 they
will have different stress limitations, and larger values should hence be expected by the FEM-

Design results. Hand calculations are presented in Appendix I.

4.5.1 Initial load combination

The stresses for the initial load combination are presented in Tab. 4.4 and Tab. 4.5. Comments
and explanations regarding the differences in the results are presented in the discussion chapter
45.3.
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At column

Hand calculations ADAPT FEM-Design
S Top fibre stresses 1,11 MPa 2,47 MPa 3,43 MPa
X 8
.= Bottom fibre stresses -5,34 MPa -5,21 MPa -7,41 MPa
S Top fibre stresses 0,25 MPa 0,01 MPa 1,43 MPa
s 3
-_g Bottom fibre stresses -2,91 MPa -2,25 MPa -4,15 MPa

Tab. 4.4 Stresses at column for initial load combination

At span
Hand calculations ADAPT FEM-Design

S Top fibre stresses -4,12 MPa -4,53 MPa -4,09 MPa
X 8

.= Bottom fibre stresses -0,11 MPa 2,11 MPa 0,28 MPa

S Top fibre stresses -1,43 MPa -2,02 MPa -1,91 MPa
g

% Bottom fibre stresses -1,23 MPa -0,14 MPa -0,85 MPa

Tab. 4.5 Stresses at span for initial load combination

4.5.2 Quasi-permanent load combination

The stresses for the quasi-permanent load combination are presented in Tab. 4.6 and Tab. 4.7.
Comments and explanations regarding the differences in the results are presented in the
discussion chapter 4.5.3.
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At column

Hand calculations ADAPT FEM-Design
S Top fibre stresses 3,01 MPa 3,53 MPa 6,27 MPa
X 8
-_g Bottom fibre stresses -6,55 MPa -6,27 MPa -9,45 MPa
S Top fibre stresses 1,19 MPa 0,53 MPa 3,35 MPa
L g
-_g Bottom fibre stresses -3,57 MPa -2,79 MPa -5,71 MPa

Tab. 4.6 Stresses at column for quasi-permanent load combination

At span
Hand calculations ADAPT FEM-Design

S Top fibre stresses -5,12 MPa -5,39 MPa -5,02 MPa
X 8

% Bottom fibre stresses 1,58 MPa 2,97 MPa 1,97 MPa

S Top fibre stresses -1,82 MPa -2,37 MPa -2,26 MPa
S

% Bottom fibre stresses -0,55 MPa 0,22 MPa -0,15 MPa

Tab. 4.7 Stresses at span for quasi-permanent load combination

4.5.3 Discussion

The first obvious difference in the results are the large values FEM-Design has for the stresses
at column. The reason for this is that hand calculations and ADAPT calculations are based on
a full width strip, where the bending moments from dead and live loads are averaged over the
cross section. The stresses calculated will then be the same throughout the whole width of the
strip. Results from FEM-Design is based on average moments on a smaller design strip, and
hence, the moments will have a larger value since the bending moments are larger closer to the
columns. The different results are illustrated by Fig. 4.21. Further explanations on why it is

sufficient to use the mean moments for designing is presented in chapter 2.3.6. Stresses at span
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from FEM-Design will correspond better since the bending moments used here will be

approximate the same across the entire width.

i.38

® o @ @

Fig. 4.21 Top fibre stresses at column in x-direction for quasi-permanent load combination - values and red
lines represents FEM-Design results, yellow line represents hand calculations, and blue line represents ADAPT
results

Another obvious source of error is that the initial load combination in ADAPT uses the same
prestressing force as in the quasi-permanent load combination, i.e. the losses of the prestressing
force is larger than in reality. This will hence give an average prestress in the structure that is

less than real.

Results from hand calculations will differ from the other because of the total losses for the
quasi-permanent load combination is according to the results in chapter 4.3. The losses for hand
calculations are smaller than calculated in the programs, leading to a larger compression force

from the tendons in hand calculations.

The calculations are based on gross cross sections, meaning that the area and moment of inertia
is not transformed to account for the tendons and reinforcement. The centroidal axis is also
assumed to be in the middle of the slab. These assumptions will cause minor errors to the results

but will not be of significant size.

The bending moments and the stresses at columns in ADAPT and FEM-Design is taken from a

design section right outside the column edge while the hand calculations are based on the
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maximum moments from simple beam theory, which is at the centre of the columns. Design

sections at column edges will have more realistic bending moments.

In hand calculations the maximum bending moments in span and the maximum eccentricity of
the tendons in span is assumed to be at the same place. This is not necessary true and will lead
to small differences in the results. Hand calculations calculate the stresses at two places where
the maximum values are expected. ADAPT calculates them for each design strip, i.e. 11 places
for each span. FEM-Design has results for each node in the finite element model.

Many sources of error of the stress differences are presented. Taking everything into account,
ADAPT is expected to give right values when using the full width approach. Obviously, the
initial load combination will not be correct, as explained, and the long-term losses will not be
correct if they are not determined and put in with the right values. FEM-Design is expected to
give good results when no cracking of the concrete and redistribution of the bending moment
is present. Due to the presented sources of error, the results cannot be directly compared, but

the results are mostly in the same order of size and will hence validate the results.

4.6 Bending moment

The ultimate bending moments and capacities are calculated by hand and in ADAPT. FEM-
Design has not been used in this check since the use of post-tensioning in the program is not
sufficient for design purposes. The bending moments are checked at interior columns and in
spans. Only the exterior span in x-direction are checked and compared. The live load is placed

unfavourable for each case.

4.6.1 Ultimate bending moment

Hand calculations are presented in Appendix J. Bending moment envelopes from ADAPT is
presented in Fig. 4.22 and Fig. 4.23. The ultimate bending moments at column and in span are
presented in Tab. 4.8.
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Fig. 4.22 Moment envelope in x-direction - ADAPT
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Fig. 4.23 Moment envelope in y-direction - ADAPT

Hand calculations ADAPT

At column -527,5 KNm -481,0 KNm

X-direction
In spans 457,3 kNm 447,6 KNm
At column -376,1 KNm -323,4 KNm

Y-direction
In spans 290,6 KNm 299,8 KNm

Tab. 4.8 Ultimate bending moments
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The differences can be explained by two reasons. At columns, the hand calculation will have
larger values since the bending moment is calculated at the centre of column, while ADAPT
calculates it at the design section at the column edge. Also, the way ADAPT calculates the
hyperstatic moment differs from the method used in hand calculations, which is described in
chapter 2.3.7.1. ADAPT uses a direct method. In flat slabs, the indirect method used in hand
calculations will not have correct results [16], and therefore, the results from ADAPT is
expected to be correct. The hyperstatic moments from ADAPT is presented in Fig. 4.24 and
Fig. 4.25. The maximum hyperstatic moment by the indirect method is 20kNm and 49kNm in

respectively x- and y-direction.

1.00 x Hyperstatic
Moment Drzwn on Tenzion Sids

Moment [kMm |

h o1 I [ N [N N Ay I T N T [ Y T Y O O A |
Span 1 Span 2 Span 3 Span 4 Span &

Fig. 4.24 Hyperstatic moment in x-direction - ADAPT

1.00 z Hyperstatic
Moment Drawn on Tension Side

Toment [Km)
) X

Span 1 Span I Span 3 Span 4

Fig. 4.25 Hyperstatic moment in y-direction - ADAPT
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4.6.2 Ultimate bending moment capacity

Hand calculations are presented in Appendix J. The moment capacities and utilizations are

compared in Tab. 4.9. Bending moments with capacity along the support line in ADAPT are
presented in Fig. 4.26 and Fig. 4.27.

Hand calculations ADAPT
At column  -383,2 kNm (138%) -316,6 kNm (152%)
X-direction
Inspans  337,9 kNm (135%) 312,3 KNm (143%)
Atcolumn  -472,2 kNm (80%) -385,3 kNm (84%)
Y-direction
In spans 483,4 KNm (60%) 392,4 KNm (76%)
Tab. 4.9 Bending moment capacities and utilizations
Moment Drzwn on Tenzion Side
Bendirumtrenmh Bendimnenmh Berhding? Maoment Bendiruﬁhhmem
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o
-
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ol R
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Fig. 4.26 Bending moments and capacity in x-direction — ADAPT
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Fig. 4.27 Bending moments and capacity in y-direction - ADAPT

Differences in the results from hand calculations and ADAPT is explained by different
prestressing force used. As presented previously, the losses used in hand calculations are
smaller, and will hence lead to a larger contribution of the tendons on the capacity. Differences

in the method of calculations may also be a source of error.

Extra reinforcement is needed in x-direction for the flat slab to be a sufficient design. ADAPT
calculates this extra amount to be 23 10 in bottom in spans and 29 210 in top at column. This
results in a utilization of 99% in both places. By comparison, the hand calculations with the
same amount of extra reinforcement will result in a utilization of 128% at column and 106% in
span. The big difference at column is due to the design bending moment in hand calculation
being at centre of column, not at the edge. Other differences can be explained by the effective

width of the section used in hand calculations being conservative.

4.7 Calculation of shear capacity

Shear calculations are done by hand. ADAPT can perform a punching shear check, but this is
based on American code requirements, and the calculation method has not been investigated.
For hand calculations, see Appendix K. The results are presented in Tab. 4.10 and Tab. 4.11.
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Inner column Edge column Corner column
Atcontrol Atcolumn Atcontrol Atcolumn Atcontrol = Atcolumn
perimeter edge perimeter edge perimeter edge
Ved [MPa] 1,364 3,613 1,025 2,715 0,823 2,180
Vrd [MPa] 0,828 2,894 0,731 2,483 0,731 2,483
Utilization 165% 125% 140% 109% 113% 88%

Tab. 4.10 Shear stresses and resistance with limitation

Inner column Edge column Corner column
Ved [MPa] 3,613 2,715 2,180
VRd [MPa] 4,087 4,087 4,087
Utilization 88% 66% 53%

Tab. 4.11 Shear stresses and resistance at column edge without limitation

The conclusion of the results is that all columns requires shear reinforcement and the required
shear reinforcement for inner and edge columns must be calculated without the concrete
contribution. Only shear reinforcement on the inner columns has been calculated. The result is
16 stud rails with 5 studs each. For comparison, ADAPT’s result is 16 stud rails with 8 studs
each. In the further part of this thesis shear stresses are only checked to be less than the
maximum shear resistance. The amount of shear reinforcement will not be affected much by
differences in the tendon layout and will hence not be a decisive part in the thesis. It should be
noted that increasing the concrete strength could be sufficient due to the shear capacity for this
flat slab design.
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5 Tendon layout analysis

To analyse the influence the tendon layout has on the results of flat slabs, three slabs with

different span lengths and parameters have been investigated with several tendon layouts.

5.1 Parameters

5.1.1 Flatslabs
The slabs have the same design as previously (3x2 spans with hinged circular columns), but
other parameters have been used. They are presented in Tab. 5.1. Different concrete classes are

used to get a sufficient shear strength. The design of the columns has not been checked.

Span lengths [m] 6x6 9x6 11x6
Slab thickness [mm] 180 220 270
Column diameter [mm] 300 400 500
fek [MPa] 35 45 45
Creep coefficient 2,29 1,80 1,74
Shrinkage coefficient [%o] 0,49 0,47 0,47
Bottom mesh 210 cc300 210 cc200 212 cc230
o Top, over columns,
Minimum o 8 916 12 916 14 916
) x-direction
reinforcement
Top, over columns,
- 8 916 16 916 24 916
y-direction

Tab. 5.1 Flat slab parameters
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5.1.2 Prestressing

The tendon profiles are chosen to have maximum eccentricity at column and in spans. This

results in clashing of the tendons. For the analysis this has been neglected but clashing of

tendons are discussed further in chapter 5.2.5.

The amount of prestressing is chosen based on the procedure shown in Appendix D. In the
analysis, ADAPT uses an effective prestressing force based on 20% losses, and FEM-Design
uses prestressing forces based on estimated losses. This will cause some differences in the
results. Since ADAPT uses the total losses also for the initial load combination, a factor of 1,1
is multiplied with the prestressing action. This will correspond to immediate losses of 12%. The
initial prestressing force will hence not be real but accounted for to some extent. FEM-Design

uses two different load cases for initial and quasi-permanent. Chosen prestressing is presented

in Tab. 5.2.
6X6 9x6 11x6
ST Top 23 mm 43 mm 68 mm
B Bottom 35 mm 55 mm 76 mm
Maximum drape (idealized profile) 47 mm 77 mm 110 mm
N Gl X-direction 14 24 30
EMEBTE Y-direction 22 34 46
Average X-direction 1,13 MPa 1,57 MPa 1,59 MPa
compression in
slab Y-direction 1,19 MPa 1,01 MPa 0,91 MPa
Dead load X-direction 47% 47% 46%
SEIREE Y-direction 49% 68% 89%

Tab. 5.2 Prestressing parameters
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5.1.3 Tendon layouts

Five different tendon layouts have been analysed in addition to a “layout” without any tendons.
The different layouts are shown in chapter 5.1.3.1 to 5.1.3.6. Some of the lines in the following
figures may consist of several tendons, i.e. banded tendons over columns is represented by one
or two lines. It is not shown in the figures how many tendons each line represents, but the total
number of tendons in each direction will be the same for all layouts. The presented flat slabs
have span lengths of 11m and 6m. The layouts will be similar for the flat slabs with other span
lengths, but with different number of tendons.

5.1.3.1 Tendon layout A

Banded in direction with longest span and distributed in the other direction.

Fig. 5.1 Tendon layout A

5.1.3.2 Tendon layout B

Banded in both directions.

Fig. 5.2 Tendon layout B



5.1.3.3 Tendon layout C

Banded in the direction with shortest span and distributed in the other.

Fig. 5.3 Tendon layout C

5.1.3.4 Tendon layout D

About 50% of tendons are banded and 50% are distributed in direction with longest span.
Banded in the other direction.

Fig. 5.4 Tendon layout D

5.1.3.5 Tendon layout E

About 50% banded and 50% distributed in both directions.

Fig. 5.5 Tendon layout E
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5.1.3.6 Tendon layout F

No tendons/prestressing. Is named “tendon layout F” but contains no tendons.

\ \ I /
\ \ I /

Fig. 5.6 Tendon layout F

5.2 Results & discussion

5.2.1 Deflections at SLS
The maximum deflections for the flat slabs are presented in Tab. 5.3.

Initial Long-term |
ADAPT Fem-Design ADAPT Fem-Design
A -2,0 -2,1 -9,0 -12,3
B -1,9 -1,9 -8,8 -12,0
< -2,0 -2,1 -9,1 -12,4
ox6 D -2,0 -2,0 -8,9 -12,3
E -2,0 -2,1 -9,0 -12,4
F -4,0 -4,5 -14,4 -19,4
A -4,0 -4,3 -17,6 -19,4
B -3,5 -3,6 -16,4 -17,8
< -3,8 -3,7 -16,9 -17,9
9x6 D -3,6 -3,6 -16,6 -17,7
E -3,8 -39 -17,0 -18,2
F -8,5 -9,1 -30,1 -31,1
A -5,7 -6,0 -23,6 -20,3
B -5,1 -5,0 -22,0 -18,1
< -5,7 -5,6 -23,7 -18,8
11X6 D -5,2 -5,1 -22,5 -18,0
E -5,5 -5,5 -23,2 -19,0
F -11,7 -12,3 -40,1 -35,1

Tab. 5.3 Tendon layout analysis — Deflections [in mm]

67



Results from ADAPT and FEM-Design will differ because of some differences in the
prestressing force used and the way creep and shrinkage are accounted for in the two programs

for the long-term deflection.

Generally, the results show that compared to layout F without tendons, the differences between
layout A — E are not huge. Deflections in layout F are more than twice the deflection with
prestressing actions in the initial load combination, and for the long-term combination the effect

is also major.

The results also show that the tendon layouts with the least number of distributed tendons
(layout B and D) has the smallest deflections. For an idealized tendon profile, one would expect
the opposite, that the layouts with more distributed tendons would better counteract the dead
load as a more uniform upward load. The case is that realistic tendon profiles will result in
downward equivalent forces in some areas. The equivalent loads from the tendon profile in x-
direction for the 11x6 slab is presented in Fig. 5.7. When a tendon is concentrated, these
downward forces will be at the top of the columns, and not lead to any deflections. When a
tendon is distributed, the downward force will be in spans, and hence increase the downward

load in this area, resulting in increased deflections.

Force [kM, kMN/m]

0.00 500 10,00 15,00 20,00 25,00 30,00 33.50
Length [m]

Fig. 5.7 Equivalent loads for tendon profile in x-direction for 11x6 slab
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5.2.2 Stresses at SLS

The results are taken at the control points shown in Fig. 5.8. The load combination used for this
analysis is the quasi-permanent combination. The results are presented in Tab. 5.4. The results
have been presented with one decimal to easier detect differences. For results with two

decimals, see Appendix L.

S [ [ [&
Y1
Y2
® X1 X® ® g
5 o @ o

Fig. 5.8 Control points

ADAPT Fem-Design |

X1 (span) X2 (column) X1 (span) X2 (column)

Top Bottom Top Bottom Top Bottom Top Bottom

A -3,0 0,5 0,9 -3,2 -3,6 0,3 6,7 -9,1

B -3,1 0,3 1,0 -3,1 -3,2 -0,4 4,7 -7,1

X6 C -3,1 0,5 1,2 -3,2 -3,4 0,9 6,5 -8,7
D -3,.1 0,5 1,1 -3,2 -3,2 0,4 5,8 -8,1

E -3,0 0,6 1,1 -3,2 -3,4 0,8 6,6 -9,0

F - - - - -3,6 3,6 11,6 -11,6

A -4,5 1,5 2,0 -5,1 -5,0 1,6 8,5 -11,7

B -4,8 1,1 2,2 -4,8 -4,9 0,7 55 -8,3

OX6 C -5,0 1,0 2,2 -4.8 -5,0 1,0 6,6 -9,6
D -4,9 1,1 2,1 -4.8 -4,9 0,7 5,8 -8,8

E -4,7 1,3 2,1 -4.9 -4,9 1,1 6,9 -9,9

F - - - - -5,5 55 14,6 -14,6

A -5,1 1,9 2,4 -5,6 -4,6 1,3 6,3 -9,5

B -5,4 1,4 2,8 -5,3 -4,6 0,4 2,8 -5,5
11X6 C -5,4 1,4 2,9 -5,4 -4,8 0,4 3,8 -6,6
D -5,4 1,5 2,8 -5,3 -4,6 0,4 3,2 -5,9

E -5,2 1,6 2,7 -5,5 -4,6 0,7 4,6 -7,6

F - - - - -5,5 55 12,6 -12,6

Tab. 5.4 Tendon layout analysis — Stresses in X-direction [in MPa] (tension is positive)
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ADAPT Fem-Design

Y1 (span) Y2 (column) Y1 (span) Y2 (column)
Top Bottom Top Bottom Top Bottom Top Bottom

A 28 03 13 36 28 03 66  -9,0
B 28 01 10 34 28 07 48 14
6x6 C 28 02 09 -34 -32 03 68  -95
D 28 02 10 34 32 -03 59 86
E 28 03 11 35 32 02 67  -9,3
F - - - - 31 31 120 -120
A 20 01 02 23 23 03 71 93
B 20 02 01 22 21 20 36 -64
oxs C 20 01 02 22 24 -12 58 -85
D 20 02 01 22 24 17 44 1.2
E 20 02 01 22 25 -10 56  -82
F - - - - 32 32 130 130
A 16 02 -01 17 ‘15 -05 45  -64
B 16 -04 02 -16 -13 30 00 -29
11x6 C 16 -03 02 -16 20 0.2 21 49
D 16 -04 02 -16 -16 -27 08  -37
E 16 -03 02 17 16 -16 27 51
F - - - - 23 23 102 -102

Tab. 5.5 Tendon layout analysis — Stresses in Y-direction [in MPa] (tension is positive)

In ADAPT, there are small differences in the results between the tendon layouts. This is because
it uses average values across the design strips. Using the full width approach, the design stresses
will have small variations. For a better comparison of the stress contribution the tendon layout

has, the results from FEM-Design have been looked closer into.

As opposite to the stress results in chapter 4.5, the results have not been averaged here. Results
in FEM-Design is hence the maximum values which in ADAPT have been averaged. The

results are hence not comparable with each other.

From the results one can see that the biggest differences are in the stresses at column. It is in
this area the largest stresses are, and compared with layout F, this is where the impact of the
prestressing is largest. Results show that the tensile stresses in top fibre at column will be
smallest when using banded tendons. This implies that tendon layout B has the best effect on
stresses. To show this graphically, results for top fibre stresses in x-direction is presented in
Fig. 5.10 - Fig. 5.14 for the different layouts with only the prestressing actions applied. Fig. 5.9

shows the top fibre stress with only the dead load and permanent part of the live load included.
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Fig. 5.9 Stresses in top fibre in x-direction due to quasi-permanent load combination with prestressing action
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Fig. 5.10 Stresses in top fibre x-direction due to prestressing actions — Tendon layout A [MPa]
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Fig. 5.11 Stresses in top fibre x-direction due to prestressing actions — Tendon layout B [MPa]
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Fig. 5.12 Stresses in top fibre x-direction due to prestressing actions — Tendon layout C [MPa]

-5.29 2.50 =10 70 0.94 -10.67 2.54 -5.29
: & : g
0.p9 0.14
3 <
-0.42 1.63 -1.65 -0.60
-2.81

-8@ 0.73 -9@ -0.31 -@ 0.75 -8@

-2.85 0.32
-0.42 -1.70 1% - 0.83
-0.30 0 1
S 2.48 el 0.92 e 252 e

Fig. 5.13 Stresses in top fibre x-direction due to prestressing actions — Tendon layout D [MPa]
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Fig. 5.14 Stresses in top fibre x-direction due to prestressing actions — Tendon layout E [MPa]
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5.2.3 Bending moments at ULS

Since ADAPT is based on full width design sections, there are small differences in the bending
moment capacities for the different tendon layouts. Too better see which layouts that has the
best placing due to the bending moments in the slab, hand calculations due to a column strip /
middle strip approach is done for the 9x6 slab. The calculations are shown in Appendix M. The
design bending moments are distributed between the column and middle strip. Negative
moments are distributed 70/30% and positive moments are distributed 60/40% which is in

accordance with Tab. 2.3. Utilization results are presented in Tab. 5.6.

X-direction Y-direction

Tendon Column strip Middle strip Column strip Middle strip

layout
y At column Inspans At column Inspans At column Inspans At column In spans

A 85% 70% 268%  200% 122% 87% 26% 32%

B 85% 70% 268% 200% SYA 47% 130% 64%

C 134% 108% 67% 73% 57% 47% 130% 64%

D 113% 91% 91% 91% 57% 47% 130% 64%

E 113% 91% 91% 91% 79% 60% 51% 41%

F 316%  300% 268% 200% 241% 192% 130% 64%

Tab. 5.6 Bending moment utilizations for a column strip/middle strip approach

As expected, concentrated tendons will lead to good capacities in column strips and low in
middle strips. The best results are where tendons are both concentrated and placed in spans

(Layout E and x-direction for layout D).

5.2.4 Shear at ULS
There will be no large differences between the tendon layouts due to shear capacity for interior
columns. The total prestressing is the same, and hence the increase in shear strength due to
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prestressing will also be the same. For columns close to the edge where the compression stresses
from the concentrated anchorages has not yet been distributed uniformly to the slab, there will

be an increase in the punching shear capacity.

The shear capacity can be increased in a great extent if the tendons used are bonded instead of
unbonded. Concentrating the tendons over columns would then be the most sufficient to

increase the capacity. This has not been investigated further in this thesis.

5.2.5 Clashing of tendons

In the analysis the issue of intersecting tendons in opposite directions has not been accounted
for when choosing the tendon profiles. ADAPT has a function that detects clashing of tendons.
The results for tendon layout A — E for the 11x6 slab is presented in Fig. 5.15 - Fig. 5.19. Places

where tendons are intersecting each other is represented with a small pink cross.

J

Fig. 5.15 Clashing of tendons — Tendon layout A
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Fig. 5.16 Clashing of tendons — Tendon layout B

Fig. 5.17 Clashing of tendons — Tendon layout C

i

Fig. 5.18 Clashing of tendons — Tendon layout D
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Fig. 5.19 Clashing of tendons — Tendon layout E

Tendon layout E has many intersecting tendons in spans, and it will cause weaving of tendons
which will be expensive due to the extra amount of time it will take to change tendon profiles
individually. The other layouts intersect at column and at edges. At column the issue can easily
be solved by adjusting the tendon profile in one of the directions. For layout B, the tendons
intersect in the corners. This can also easily be adjusted. For layout A, C and D, adjusting some
of the tendon profiles individually may be necessary at the edges. Since banded tendons will be
placed close to each other, it is expected that layout B will be the most economic layout due to

placement costs.
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6 Conclusion

Tendon layout E is a sufficient layout due to the tendons being placed according to the bending
moments in the slab. Because of tendons in spans in both directions, a great extent of weaving
is necessary for such a design. This would increase the time of the construction process, and
hence it would normally not be economical. The results in terms of deflection and stresses are
not the best either.

The most used layout today is concentrated tendons in one direction and distributed tendons in
the other. Tendon layout A and C is such slabs, where A has distributed tendons in the short
span direction and C in the long span direction. The results in terms of deflections, stresses and
bending moments are better for layout C, which indicates that when designing a flat slab with
unequal span lengths, the concentrated tendons should be in the shortest span direction (tendon

layout C).

Layout D is a continuation of layout C, where some of the distributed tendons from C are
concentrated over supports. This layout would distribute the tendons better in terms of the

bending moments, and it will also give lower stresses and some reduction in deflections.

Tendon layout B has the best results in terms of stresses and deflections. Many tendons are
banded, and the construction time would hence decrease compared to the other layouts. When
looking at middle strips between columns, the bending moment capacity is low. In flat slabs
with distributed tendons, these tendons will transfer the loads to the concentrated tendons which
will transfer them to supports. Layout B has no distributed tendons and would hence require

extra reinforcement in spans to be a sufficient design.
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Appendix A - Cover

The flat slab is for an office, indoor with low air humidity, and 50 year:

(EC2-1-1: Tab.4.1) Exposure class: XC1

Cover to steel reinforcement:

(EC2-1-1: Tab NA4.2) Cminb = 10mm (reinforcement 210)

(EC2-1-1: Tab. NA4.5N)  Cmin.dur = 15mm
(EC2-1-1:NA44.12(6)  Acyy, - = Omm
(EC2-1-1:NA4412(7)  Acyy, g := Omm
(EC2-1-1:NA44.12@))  Acyy aqq = Omm
(EC2-1-1:NA4413(1)P) Acyy, = 10mm

(EC2-1-1:4.4.1.2(2)P)

Cmin = m"“‘X(cmin.b’Cmin.dur + Acdul‘.’Y — Acqyr st~ ACdur.add> IOmm) = 15-mm

(EC2-1-1:4.4.1.1(2)P) ®nom.s = Cmin * ACdey = 25mm
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Cover to tendon:

(EC2-1-1: Tab NA4.2) Cminb == 1.5-20mm (tendon tube 220)

(EC2-1-1:Tab.NA4.5N)  Cmin.dur = 253mm
(EC2-1-1:NA44126)  Acgy = Omm
(EC2-1-1:NA4AA2(T))  Acy,, = Omm
(EC2-1-1:NA44128))  Acy,, zqq = Omm
(EC2-1-1:NA4413(1)P) Acy,, = 10mm

(EC2-1-1:44.12(2)P)

Cmin = m"“‘X(cmin.b’Cmin.dur + Acdul‘.’Y — Acqyr st~ ACdur.add> IOmm) = 30-mm

(EC2-1-1:44.11(2)P) Cnom.p = Cmin T ACdey = 40-mm
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Appendix B - Creep and shrinkage

ref NS-EN 1992-1-1, clause 3.1.4 and annex B

(calculations are made nondimensional, input is in newton (N) og milimeter (mm))

Concrete: B35 fop = 35 fom = fox+8=43
Realtive humidity (%): RH := 40 (Assumed 40% for indoor construction)
Creep
Width of slab section: b := 1000
Slab thickness: h := 200
Area exposed to air: u := 2(b) = 2000
Area of the cross section: Ag = h-b = 200000
2-A,
Effective thickness of cross section: hg = =200
u
Age of concrete (70 years): t:= 25550
Age of concrete when loading: tg = 28
16.8
Bfem = —= =2.562
me
1
By = = 0.488
0.1 + tO
0.7 0.2
35 35
(11 = =0.866 (12 —_— =0.96 (13
fcm cm

By = min|:1.5~|:l + (0.012-RH)18]~h0 + 250, 1500} =550.001

t—1,

0.3
== =0.994
Be.t.t0 (BH rt— toj
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_RH
Org =11+ 100 g [ay = 1.812

Ntional creep coefficient:

Creep coefficient;

Shrinkage

Cementclass:

Drying shrinkage:

Autogenous shrinkage:

Total shrinkage:

0.l~3/h_0

®0 = SR Brem Bro = 2268

d.10 = b0 Be.t.10 = 2-253

N
femo = 10
RH, := 100

3
RH
= 15501 - =—1 | =1.451
BRH (RH j

0

OLdSl =4

aggp = 0.12

me

€00 = 0.85{(220 + 1lO-(del)-exp{—Ocdsz-f—j:|-10_ ®.Bryg = 0.000486
cmo

k, = 0.88

ECd = kh'ECd.O =0.000428

= 2.5(f — 1010~ = 0.000063
€cat0 = 25(fg — 10):10° " =0.
Bast=1- exp(—0.2-t0’5) =1

cat = €cat0 Bast = 0000062

€es = €cd T Ecat= 0.00049 (=0,49%o)
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Appendix C - Minimum reinforcement

Conditions:

Concrete, B35

fctm = 3.2MPa .
Mean tensile strength

Reinforcement

fyk = S00MPa Charachteristic strength

Cnom.s = 25mMm Cover to steel

910 := 10mm Diametre of rebar
Slab

span, := 9m Length of span in x-direction

spany = 6m Length of span in y-direction

hgjap = 200mm Slab thickness

dy = hgjab ~ Cnom.s — QTIO = 170-mm Effective height off cross section in x-direction

dy = hglab ~ Cnom.s — 10 — 010 = 160-mm Effective height off cross section in y-direction
’ 2

Minimum reinforcement:

yUxe X

f
. ctm 3 2
(EC2-1-1:NA.9.2.1.1(1)) Ag minx = max(0.26~ -span,-d 0.0013-spany~d j =1.697 x 10" -mm

fyk

Xy y

f
1
As.min.y = max(0.26~ﬂ~span -d,,,0.0013-span,-d j =2.396 x 103-mm2

fyk

Maximum reinforcement:

(EC2-1-1:NA921.1B)  Agpy o= 0.04-spanyhyp,p = 4.8 x 10" mm”

s.max.x *

4 2
As.max.y = 0.04-span,-hgyp = 7.2 x 10 -mm
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Maximum spacing:

(EC2-1-1:NA.9.3.1.1(3) Smax.slabs. 1 = min(3~dy,400mm) = 400-mm

In areas with concentrated loads / maximum moment:

Smax.slabs.2 == min(2~dy,25()mm) =250-mm

Reinforcement chosen due to requirements:

A= ﬂ.(smm)z = 78.54~mm2 Cross-section area of @10 rebar

Bottom:
x-direction:
_ A1 spany 277644 Maximum spacing allowed with 210 in
Smaxx T T, T 77.644-mm x-direction
S.min.x
y-direction:
B Ui JUPYPNY
Smaxy T T, T onoromm Maximum spacing allowed with @10 in
s.min.y

y-direction

Chooses mesh of @10 cc270 in both directions in bottom
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Top, over columns:

50% of reinforcement in top is placed within 0,125*span to each side of the column.

x-direction:

As.min.x

x.top = A—m =21.61 Minimum rebars in x-direction

N

Chooses 22210 over column in x-direction

y-direction:

A .
N s.min.y

.top = =30.509 Minimum rebars in y-direction

A

Chooses 31210 over column in y-direction
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Appendix D - Load balancing

Ap = 150mm2 Area of tendon

k; =038 Coefficient, clause EC2-1-1: 5.10.2.1(1)P
ky =09 Coefficient, clause EC2-1-1: 5.10.2.1(1)P
fpk := 1860MPa Nominal strength of tendon

£p0_1k := 1670MPa Nominal yield strength of tendon

T max = min(kl‘fpk>k2'£p0.lk) =1.488 x 103-MPa Maximum stress applied to tendon

clause: EC2-1-1:5.10.2.1(1)P

Pax = Ap'c’p.max =223.2-kN Maximum jacking force

Effective prestressing force due to total

Py = 0.8-Ppax = 178.56-kN losses when assumed a total of 20% loss

hgjap = 200mm Slab thickness
Gy = hslab' 25 k—I: = 5.k—N2 Characteristic dead load
m m
span, := 9m Span in x-direction
spany = 6m Span in y-direction
N Load to be balanced in x-direction when
dpal.x = 0-7Gy-2-spany = 42-— assuming that 70% of the dead load should
m be balanced

N Load to be balanced in y-direction when
dpal.y = 0.7Gy-3-span, = 94.5-— assuming that 70% of the dead load should
’ m be balanced
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Chom.s ‘= 25mm Cover to reinforcement
210 := 10mm Diameter of rebars
dp2 = 20mm Diameter of tube surrounding tendons

hglab dp2 I i
h:=15 —c —2.610 - — | = 0.068m Drape for idealized parabolic model

2 nom.s 2

q -span 2

P, = Zbalx P x =63 x 103-kN Required prestressing force in x-direction
€q.X 8-h

q -span 2

P, = Zbaly TPy =63 x 103-kN Required prestressing force in y-direction
€q.y 8-h

P req.x . . N

Nreq = =35282 Required number of tendons in x-direction
' Pt to balance 70% of dead load

P req.y . . L

Nreq y = — =35.282 Required number of tendons in y-direction
' Pt to balance 70% of dead load
N -P
Oy = _regx mt 2.625-MPa Prestress due to gross section in
hgJap-2-spany, x-direction
N -P .
. t Prestress due to gross section in

o= —Y M 167.MPa g

’ -direction
Y h§1ab3-spany y

Comment:

- Prestress in x-direction is above 2 MPa, and hence it correspond to an expected uneconomical
design. The amount of the dead load to be balanced in x-direction is changed to 50% to meet te
suggestion of not exceeding 2 MPa.

- Prestress in y-direction are quite low, though it meets the requirements for an economichal
design. The amount of dead load to be balanced in y-direction is kept at 70%




Load balancing

Appendix D

) kN
qbal.x = O.SGk-Z-spany = 30-;

2
Apal.x SPany

3
Preq.x = on =45x 107-kN
P
_reqx
Nreq.x = =25.202
mt
P
_reqy
Nreq.y = =35.282
mt
N, =24
Ny =34
Ny P
Oy = ————— = 1.786:-MPa
hslab'z'Spany
Ny'Pmt
o, = ———— =1.124MPa

hgjap3-spany

sla

Load to be balanced in x-direction when
assuming that 50% of the dead load should
be balanced

Required prestressing force in x-direction

Required number of tendons in x-direction
to balance 50% of dead load

Required number of tendons in y-direction
to balance 70% of dead load

Chosen number of tendons in x-direction

Chosen number of tendons in y-direction

Prestress due to gross section in
x-direction

Prestress due to gross section in
y-direction

3/3
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Appendix E - Modelling progress in FEM-Design 17

Choosing slab thickness 200 mm, B35 concrete, and creep/shrinkage coefficients:

Plane plate

General 1111 material
JI=

Identifier {.position nUMbEr) ........o..oveesresens F

Geometry Eccentricity

Alignment ....veeiein —_— -

0.00000
> £1 [] Consider eccentricity in calculation
™\ i“ [[] Consider eccentricity caused by
X' cracking in cracked section analysis
EZ/EL vovrnrnesessssrnssierns 1.0000

Alpha [] 0.,00000

oK Cancel

x

Plane plate

General

Library

£l Concrete
-C12{15
-~C16/20
-~C20/25
-C25/30
-~C30/37

-€40/50
-£45/55
€50/60

New...

1
j(a)
=

&

Material

Application data

Gamma c (U | Ua,Us) ....... 150 120

Gamma s (U [Ua,Us) .... 115 1.00

Gamma cE .. .| 1.20

Alpha cc ...

AIPIE CE vivvinsis s 0.850

0.000

Creepc. (5 ]U) ...

Shrinkage [%] ... 0,490

Reduction for dynamic analysis ........ 100

Reduction for stability analysis ......... 100

Import... Export...

Cancel

Drawing slab: (dimensions in metres)

27.40

L

12.40
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Choosing circular columns with diameter off 400 mm, height off 3m, B35, and hinged releases applied
at the ends of theoretical axes:

Bearn/Column X
General I Section @ Material h End conditions
| The same at both ends Start End
Section library ~ z
[=- Concrete sections
- Cirde
1 v
2
A = 125664 mm2 ~
P = 1257 mm
AP = 100 mm
(rg = 0,000 mm)
(Za =
D 750 ¥s =
D 800 s = 0.000 mm
D 850
Iy = 1256537088 mm4
Column n D900 Wy = 6283185 mm3
D 1000 ezmax = 200mm
] T ] -
N7 j“ I:|| T ” _L| t I LIS+ ~-D 1200 w | lezmin = 200 mm v
Height [m] ....... New > Modify Delete Import... Export...
Placement ....... () Above
(® Below O Cancel
Bearmn/Column X Beam/Column x
End conditi
General I Section @ Material I End conditions General I Section @ Material L conditions
Library ~ | | Application data | Eccentridty in analytical model .......... [r—
- Concrete -+ Ll [ —
- C12f15 Gamma ¢ (U | Ua,Us) ... Consider eccentricity caused by cracking in cracked section analysis
- C16/20
20425 Gamma s {U | Ua,Us) ...
- C25/30 The same at both ends Start End
.C30/37 Gamma cE > .
Releases [kN/m, kNm/“] Eccentricity [m] z
AlPha €C vvvvviviii
(g 0.000 ¥ .. | 0,0000
b o Oex . | | | |
. C50/60 teene 5100 ey ... [0.000 | 2. [o.0000 |
= Steel PO e Oez ... 0.000
i Y 0 P Dlhie... [0.000 v
.5 355 Reduction for dynamic analysis ... phi,y' ... |0.000
5420 Reduction for stability analysis ... phi,z'.... | 0.000
-~ 5450
- 5 460
- Timber
~C14
Cis
cia
cao
c2z2
~C24
~C27
ran A
MNew... Modify Delete Import... Export...
oK Cancel oK Cancel
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Drawing columns:

9.00 9.00 9.00

6.00

6.00

Adding hinged supports at column ends:

Placing lines in x-direction for placing of concentrated tendons. The lines represent the centre lines of
the tendons for an idealized placement. The distances are chosen by assuming that maximum four
tendons will be banded together, and that the spacing between the different groups of tendons will be
100 mm. (dimensions on figure is in metres)

7 [Ex) & T
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Placing lines in y-direction where tendons will be placed: (spacing is 815mm)

%

L

Choosing strand properties:

Strand library *
TR oo
Fpk [N/MMIZ] (o
G [P e
(o [ .
Rho [Em3] oo
RHaxaaidass Curvature coef. [ ..ooooeiiiinnnns 0.05
o 2,50
fbcpunlie] Wobble coef, [4/m] vvvervrerrrreen. 0.010
Mew Madify Delete Import... || Export... Anchorage set slip [mm] .............
Tendon layout:
i 1 tendon per line
6 tendons [ fan] Y E
6 tendons
Gteucl':mslg'r’r 3 & e
6!&1(101154[\;‘_/;4_777777#77;77*77777774»)7777 e
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Tendon profiles are determined by a function called shape wizard. To use this function, axes are
placed through the columns in both directions, these tells the wizard where the tendons should have
maximum eccentricity in top. The minimum distance from the top and bottom surface of the slab to the
centre of the tendon is also chosen, in addition to choosing the ratio that selects the placement of
inflection points and the placement of maximum eccentricity in bottom.

Shape wizard X
Parabolic shape by axes defined spans
- 4 Cancel

~_ A RS
A~ + e

e 5 +——

iy i Z N
| Lo | | Li |

[Ireverse parabola
Auto calculation minimum position

AL ALY o 0.10 DAL (NfL) wooeirnns 0.10
B/Lo (MiN.) vvvverrenn. | 0,45 ELi(Min.) vovvvreninns 0.50

Top [mm] ..oovvvenneen 55.0 ClLo Gnfl) o 0.10

Bottom [mm] ........ 55.0 Minimal distance between the considered axes [m]......... .00

Tendon profiles in y-direction:

E
=
z
o
i}
I
0.00 0.2 283 5B 620 &.BZ .77 1178 1240
Length [m]
kL (3 &2id
00
E w0
=
= o
o
T 5
-100
0.00 L.50 3.00 450 6.00 .50 .00 10.50 12,00

Le;'|gth [m]



Modelling progress in
FEM-Design 17 Appendix E 6/8

Tendon profiles in x-direction:

(The eccentricity in the mid span is adjusted manually to yield about the same equivalent force as the
left and right span)

Height [mm]

0.000.32 330 8.2 9.2010.10 13.70 17.308.209.12 2350 26.427.40
Length [m]

=

Height [mm]

0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22,50 25,00 27.40
Length [m]

FEM-Design 17 can estimate the losses of prestress automatically. The following figures shows the
losses for the tendons in y-direction:

Estimate long term losses (T8) x

E. .
£asp + 080G, +=2-0lt.to)0eop
AGppasne = =

Ep A, A 2 b [
MES A % i 0Relit)

Data to apply EC2 5.10.6. (2) {formula 5.46)

Delta sigma pr [NMMZ] vvvevvveinninnns 68.99
Estimate elastic shortening loss X

sigma €, QP [N/MMZ] cvvvvvvrenneiniennns 169
Data to apply EC2 5.10.5. 1. (2) (formula 5.44)

Number of strand on the structure
(Plate: on 1m) [ ooovvveensiireeireninns 1.26

Shrinkage [Yo]

Creepc. []....
Avarage stress in the strand [Nfmm3Z] ..... 1408| Ecm [N/MM2] ovevvinieeriieneesianeenns
Eam,t NMM2] c.vorereiinsssararansnsnnsanes 34000 AcmmZ o 200000
Ac[mm2] Te[mma] oo 666666667
Tcmmd]. PN ) [T 45|

Calculated long term losses (T8)

Calculated stress values

Creep stress loss [Nfmm2Z] .....occvvievinnnnn 21.89
Avarage stress in the structure [N/mm32] ... 2.14 Shrinkage stress 1083 INMMZ] vrvoverrersoen: 94,21
Elastic shortening stress loss .
according to different jacking time [Njmm2] .. | 7.77 Relaxation stress loss [N/mmZ] .............. 3414
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~  []Display stress functions in f pk ratio

Result v Stress function with all time dependent losses (T8)
1280
1245
1240
E 1235
:
= 1230
c
=
5 1225
2
1220
1215
1210
0.00 50 3.00 4.50 6.00 .50 2.00
Length [m]

10,50

12,00

Load cases are made. LL are live loads that is placed in different spans on the slab. The PTC TO and
PTC T8 load cases are the equivalent forces with respectively the initial prestress losses and all
prestress losses included.

B Load cases

Mo Mame

1 Dead Load
21

3wz

4 LL3

5 LL4

6 LLS

7 Shrinkage
8 PTCTO

9 PTC T3

Type

+5truc. dead load
Ordinary

Ordinary

Ordinary

Ordinary

COrdinary
+Shrinkage

Post tensioning

Post tensioning

B Leoad combinations

Mo Mame
1 Initial

2 Quasi-permanent

3 ULs1

4 ULs2

5 ULS3

o ULS4

7 ULSS

Type |Factor
Sc 1,00
1.00

5q 100
0,30

1.00

1.00

u 120
1,50

u 1.20
1.50

u 120
1,50

u .20
150

u 1,20
1.50

E ]

Included load ©
Dead Load
PTCTO
Dead Load
LL1
Shrinkage
PTC TS
Dead Load
LL1

Dead Load
LL2

Dead Load
LL3

Dead Load
LL4

Dead Load
LLS

The slab is meshed automatically as shown in the following figure. A function called “peak smoothing”
is used at column end points to avoid high valued peaks here in the analysis.
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The analysis is done using fine elements:

Analysis

Finite element types

7 |-

Fine elements with 9/6/3
nodes, Longer calculation
time.
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Appendix F - Modelling progress in ADAPT-Floor Pro

Defining material properties: (unit prices are neglected)

Material X Material
Conerete Mid Steel
Label Laoel:
We: kg/m3 Normal v fy 500.00| MPa
Unit price: Euro/m"3 Es: 200000| MPa
Mechanical properties (28 days) Unit price 3.00| Euro/kg
@® Cylinder Strength O Cube Strength Add Delete
fok: MPa  fokc 40.00] MPa
Modulus of elasticity
e
kg/m3
Add Delete
Mechanical properties at stressing (initial; PT transfer)
Cylinder Strength Cube Strength
fok j= fok fekou 075 fokcu
Shear Modulus: 14167 MPa  Poisson’s Ratio Haga: mm
Thermal expansion cosfficient i
Material s
Prestressing
Labe Ut pie: Eroikg
Mechanical iti
Specified ulimate strength fpu): | 1860.00 WPa
Yield stress fpy): 1670.00) MPa
Modulus of elasticity (Eps): 196000| MFa
Add Delete |
== |
oK
Choosing design criterias:
Choose code
(I ACI 1999 () Australian (O)Canadian 1934 (@) EC2
(O ACI 2005/1BC 2006 (T)BSB110 (O Canadian 2004 () Indian
(C)ACI 2008/1BC 2008 () Hong Kong (O Canadian 2014 e
(OACI2011/4BC 2012 (O NBR 6118: 2014 O Chinese 2
() ACI 2014/1BC 2015
Design Code Reinforcement Bar Lengths Rebar Minimum Cover
Non-Prestressed reinforcement
Top bar

Material factars

Concrete: 150
Prestressing: 115
MNonprestressed steel: 1.15

Quter layer: mm

Inner layer: Program calculates using bar size specified

Bottom bar

Quter layer: - mm

Inner layer: Program calculates using bar size specified
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Reirforcement (nonprestressed)
Prefemed bar size fortop bars: 10mm

Prefemed bar size for bottom bars: 10mm
Prefemed stimup bar size (beam only): | {0mm

Rebar Round Up  Analysis/Design Options

Defaults

CGS of tendon from top fiber:
CGS of tendon from bottom fiber:
Round up for CGS from soffit:

At slab/beam edge, tendon is anchored at slab/beam centroid.

"Round up for CGS from soffit” is used to automatically adjust
the digtance from the Center of Gravity of Strand tendon) to the

nearest "round up" value.

Choosing B35 concrete and slab thickness 200 mm:

Slab Region n
v ?

General Location  Stiffness Modfiers  Properties

# 1

Lt
Material: B35 ~
Group: Group 1 ~

Tendon Height Defaults (FEM)

55

55

g

Creating gridlines and drawing slab region: (dimensions in metres)

© ©

O

&

12.40

27.40
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Choosing circular columns with diameter off 400 mm, with releases that are allowed to rotate:

Column = Column n
v R v R i
FEM Release Stiffness Modffiers Properties General Location Boundary Condition {Strip Method)
General Location Boundary Condition {Strip Method) FEM Release Stiffness Modiffiers Properties
Bottam:
Section Type: | None Edi... Translation
. Aong re
3 Material: B oundary Condition (T
& 1 erial ~ Y (Top} Along 55
Label Goup: |Growp 1 - Rotation
Cross-section If—‘i‘dease About rv
Shape: | Circular ~ A mm L ! About 55
Ang o|* B: 400 mm
Top:
Translation
S| [JAong r+
_— Rels (Ti
. | ease (Top} []Along s
[ | A Rotation
y P - About r+
_ ke B oundary Condition (B ottorn) About 55
Y
X COLUNMN SECTION v
Tox B g
Unbraced Length c‘_’" L X A
(®) Program calculated () User defined Update ? N~ o
Individual Lu {s-s) m ek m COLUMN SECTION
Group Lu fs=) L m Boundary condition at the far end of a column is modified under "Supports™
i in "Build" pull down menu
Modelling columns:
3.00 9.00 9.00
+—F )
=)
=]
o
+—F O O
=1
=]
o
4k o)

Establishing component connectivity:
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Model:

Creating support lines and design sections:

x-direction:

Suppo Linz 1

Supporft “Lin

Support Line 2

y-direction:

ui, phioddng
¢ au phoddng

F aun paoddng
g 2w ploddng
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Placing tendons in x-direction. The tendon lines represent the centre lines of the tendons for an
idealized placement. The distances are chosen by assuming that maximum four tendons will be
banded together, and that the spacing between the different groups of tendons will be 100 mm. From
the values given in the “Map Banded Tendons”-box, ADAPT will suggest the number and profile of
tendons.

Map Banded(Grouped) Tendons *
Tributary
(C) Enter the associated tributary width: m
(@) Use design strip width

Force and profile optimization

Average precompression:  Min MPa  Max MPa
% of Selfweight to balance: Min  [gp.opo |% Max 100,000 %

Placement
(® |dealized as one group with offset: 013 m
() Idealized as two groups with offset: 0.100 m

(O) Space tendons at: 0200 M

Tendon properties

Effective force per strand: 178.56] kN

MNumber of strands per tendon 1

Span Shape XL X2/ XL
¥ First span Reversed Parabola |~ 0.10 0.50 0.10

Mid span Rewversed Parabola |+ 0.10 0.50 0.10

Last span Reversed Parabola |~ 0.10 0.50 0.10

Cancel oK

@
—{|-0.11

P

@
—{-0.11
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The number of tendons and profiles are changed. Adapt calculates initial losses of prestress, but long-
term stress loss is added manually. The same values as calculated by FEM-Design is inserted:

Tendon 1 H
v s B

General Stressing Location Shape/System/Friction FEM  Properties

System Type: Edit... First End Last End
Allow attachment to slab/opening edge Allow attachment to slab/opening edge
# 1 Label: Angle |90 i Angle |90 ~
Group: | Group 1 hl Auto swerve point Auto swerve point
Material: | Prestressing 1~ (® Use percentage () Use length (® Use percentage () Use length
Area per strand: 150.00| mm2 10.00 10.00

Tendon/duct height: mm

Mumber of strandis):

=]
=
=

[ Straight spans - overide spline

Tendon 1 H
vioes B

General Stressing  Location Shape/System/Fricton FEM  Properties
Post-Tensioning Design Option
(® Calculate force (O Effective force

First end: | Live Dead ~ | Lastend
First End

Seating loss: mm

(Jacking stress)fpu

Stress./fpu:
Longtem stress loss: 283.00| MPa
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Tendon 1 n
v 1 R
General Stressing Location Shape/System/Friction FEM  Properties
R=45.000 R=22.500 R=22.500 R=45.000
I R=80.000 | R=126.562 | R=090.000 I
81
Span 2 Span 3 | Span 4
L=0.00 L=9.00 ! L=9.00
Uplift (KN/m)
7.142 | 6772 | 7142 il
L CES CGS CGS CGS Wobble Ll
Span Shape ¥ m) Top First Bottom 1 Bottom 2 Top Last X1/ X274 X3L AL Mu ;radfm} System
: {mm} {mm} {mm} {mm} :
¥ Typical Reversed Parabola |~ ».* 25 25 25 25| 010| 050| 0.0 010|007 | 0.0033 Unbonded |~
Span 1 Cantilever Down |~ |7 [ 100 100 0.05| 0.0100 Unbonded |~
Span 2 Reversed Parabola |~ ».* 100 55 5| 010| 050| 0.0 005| 0.0100 Unbonded |~
Span 3 Reversed Parabola |~ ».* 55 a1 5| 010| 050| 0.0 0.05| 0.0100 Unbonded |~
Span 4 Reversed Parabola |~ |».” 55 55 100| 010| 050| 010 005 0.0100 Unbonded |+~
Span 5 Cantilever Down |~ [n7 0. 100 100 0.05| 0.0100 Unbonded |~ | w
© frt Span | Del M dius of R @ Shape D B
ert et ini i ature (R): et i i
() Last Span ns € inimum radius of curvature (R): m ape Diagram () Force Diagram

Placing tendons in y-direction: (spacing is 815mm)
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Tendon 19
v s B
General Stressing Location Shape/System/Friction FEM  Properties
System Type: Edt.  Fist End
Allow attachment to slab/opening edge
#H: 19 Label: |EaLIME] fndle |30 »
Group: | Group 1 ~ Auto swerve point
Material: | Prestressing 1~ (®) Use percentage () Use length
Area per strand: 150.00| mm2 10.00
Tendon/duct height:
MNumber of strands): 1.00
Tendon &
Vs §

General Stressing  Location Shape/System/Friction FEM  Properties
Post-Tensioning Design Option

(® Calculate force () Effective force

First end: | Live Dead ~ | Lastend
First End

Seating loss: mm

(Jacking stress)fpu
Stressfpu:

Longtemm stress loss:

Last End
Allow attachment to slab/opening edge
Angle |90 i
Auto swerve paint
(® Use percentage () Use length

[ Straight spans - avenide spline
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Tendon 15 n

v s R

General Stressing Location Shape/System/Friction FEM  Properties

R=20.000 R=10.000 R=20.000
I R=40.000 | R=40.000 I
Jar Span 2 | Span 3 lar
10 L=6.00 1 L=6.00 10,
Uplift (KN/m)

2678 [ 2678 Jod
L CGS CGS CGS CGS \Wobble
Span Shape ) m) Top First Bottom 1 Bottom 2 Top Last X1/L X274 X3/L AL Mu I"rad,-'m} System
: {mm} {mm) {mm) {mm) :

b Typical Reversed Parabola |+ 25 25 25 25| 010| 050 0.10|0.10 (0.07| 0.0033 Unbonded |~
Span 1 Cantilever Down |~ 100 100 0.05| 0.0100 Unbonded |~
Span 2 Reversed Parabola |+ 100 55 55| 010| 050 010 0.05| 0.0100 Unbonded |~
Span 3 Reversed Parabola |+ 55 55 100| 0.10| 050( 010 0.05| 0.0100 Unbonded |~
Span 4 Cantilever Down |~ 100 100 0.05| 0.0100 Unbonded |~

@ Pt Span | Del M dius of R @® Shape D b

ert et ini i s : e i i
O Last Span Ins e inimum radius of curvature (R): m ape Diagram (O) Force Diagram

Tendon layout: (S is number of tendons represented by the lines)

(%] “ “1 w“r 1 (%] “ 1 “ 1 o« “ “1 “ [7g) “ L) 1 “r [7g) “ L) o« “r “r “ “1 1 1 “r “ “1 “
1l 1" 1" 1" i 1l 1l 1" 1" i " i i Il " " 1" i 1" " 1" 1" " 1" n [0 1" " 1" " [ " [ [
S 2 2 2 =2 5 =2 5 5 = 5 5 =2 5 5 5 5 = =2 5 2 52 =2 = = 5 5 = 5 = = 5 =2 =
5 8 8 8 8 828 8 88 88 2 8 88383 8828882388 8288288828388 328 8 3
s=6.00 H . .
22200 I T3 T T

S=6.00
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Load cases are made. Different live loads have same values but are placed on different spans in the
slab. For the quasi-permanent load combination where long-term effects are included, ADAPT uses a
creep and shrinkage factor given by the American code.

Load Case Library X

General Loads [Gravi/Laterall [ Lateral Load Solution Sets | Help
Reserved Load Cases
Dead load
Live load

Prestiessing Help
General Loads [Gravity/Lateral)

e lna Label: |Dead load
Live load 2
Live load 3 Add Delete
Live load 4
Live load 5 Reducible Temperature
Shiinkage
Building Loads
Label: ||
Add Delete

Reactions Only

Creep and Shrinkage Factor *

Creep and Shrinkage factor

Cancel

Combinations (9)

Add Combination Filter Rows Filter Columns
+ | Analysis/Design Options: | Service Frequent ~ Clear Choose... | Show all Cases Combos
Label Analysis/Design option Load Combination Seffweight | Live load | Live load 2 | Live load 3 | Live load 4 | Live load 5 | Prestressing | Hyperstatic | Sustained_Load
uLs1 STRENGTH 1.2xSelf + L5xLive +Hype 1.2 L5 1
uLs2 STRENGTH 1.2 x Self + 1.5 x Live +Hype 1.2 1.5 1
uLs3 STRENGTH 1.2 xSelf + 1.5x Live +Hype 1.2 1.5 i
uLs4 STRENGTH 1.2 xSelf + 1.5% Live +Hype 1.2 1.5 1
ULSS STRENGTH 1.2xSelf + L5xLive +Hype 1.2 1.5 1
Service{quasi-permanent) Service Quasi-Permanent Self +0.3 x Live + Pres 1 0.3 1
Initial INITIAL Self +Pres 1 1
Sustained_Load CRACKED DEFLECTION  Self + 0.3 x Live + Pres 1 0.3 1
Long_Term Long-Term Deflection 3 x Sust 3
< >

Add Long-Term Deflection Combination... Cancel
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Generating mesh. Suggested cell size is changed so that each span contains a minimum of 10 cells:

x

Automatic Mesh Generation
tesh generation
Suggested cell size:

Wode conzolidation

Shift nodes automatically
M airmum distance:

Cancel
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Minimum reinforcement is added to the structure:

Bottom:
Mesh Reinforcement n
R I
General | ocation Properties
CGS
() Top (@ Bottom
CGS1 -25 mm
Label:  [Mesh Rebar 1|
CGS1. CGS2 = centroid of steel in
Group: | Group 1 e Direction-1 and Direction-2 from the
Material: |MidStesl 1+ conerete suface
Mesh reinforcement selection
Mesh reinforcement speciication: O Area @ Barsize
QI UsA OIMKS [OF]]
Reinforcement in 1-1 direction Reinforcement in 2-2 direction
ID Diafmm) Areaimm2) ID Diafmm) Areaimm2)
10mm 1000 78.500 ~| |[10mm 1000 78.500 ~
10mm @270mm o.c 10mm @270mm o.c

Orientation

Angle from global X-axis to mesh axis 1-1: degrees
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Top:

Rebar 4 Rebar X
v v %
Rebar Specifications  |ocation  Properties Rebar Specffications  |ocation Properties
Display bar description Display bar description
Base Calcula?ed (®) Describe bar {write bar length) Bse CalcuIaTEd (®) Descrie bar fwite bar length)

Placement and grouping (O Describe bar {do not wite bar length) Placement and grouping (O Describe bar (do not write bar length)
®Top O Bottom (O Describe bars by legend ®Top O Bottom (©) Describe bars by legend
#: 1 Group: | Group 1 ~ | (O Describe bars by notes #: 10, Group: | Group 1 ~ | (O Describe bars by notes

Describe bar {write quantity for _ Describe bar (write quantity for

Lo Somectr Lbe:[car 1 ammogodea
Material: | MidSteel 1 v Legend: E Material: MidSteel 1 v Legend: |F

Bar specification Bar notes: Bar specification Bar notes:
Qusa  OMKs @Sl \ Cusa  OMKs  @sl [
[22 10mmc5400mm(T) Rebar distrbution 1 10mme3500mm(T) Rebar distrbution

Material ® Distributed (O Grouped Material (®) Digtributed () Grouped

D Diafmm) Areaimm2) Extent on side 1 D Diafmm)  Areafmm2) Extent on side 1:

Rebar: | 10mm 10.00  78.500 ~ Extert on side 2: Rebar: |10mm 1000  73.500 - Extent on side 2:
Number of bars: Fed [ Round down spacing Number of bars: e Round down spacing
Length of bar m Help Length of bar: m Help
Spacing: MM Fixed Spacing: MM 7] Fixed
Coverfrom top mm Coverfrom top: mm

EE TR, I PR -

o e E -
u u U
=] a fa}
= £ £

] g 0 I}

9 EJE 'c?g o
£ 3 £

e D 220 10mmEdd00mmB70mm 0.c.(T) (220 1rmmgdd 00mm@7 0mm . 0.c.(T) =
3 e 3

H—— B . s 3 ]

| E - E

b - 10mm @270mm 0.c.(BY10mm @270mm o.c(B) — =

1 i 5 :

r) (112 larmmxéQUOmm@mmm 0.C.CTY €112 ]Jmmx;&oomm@70mm 0.C0TY
ki ik
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Appendix G - Losses of prestress

Due to friction, EC2-1-1 clause 5.10.5.2

Ap = 150mm2
fpk = 1860MPa

Prnax = 0-8fp-A, = 223.2-kN

1
k:=0.01-—

m
p = 0.05
LX = 27.4m

Ly = 12.4m

y-direction:

ey == 0.33599

-[1 - e[_ H‘(eyﬂox)ﬂ =5.075kN

Wy = Tmax

<

Ao, = —Y ~33833.MPa

Area of tendon
Nominal strength of tendon

Maximum prestressing force per tendon

Wobble coefficient
Friction coefficient
Length of slab in x-direction

Length of slab in y-direction

Sum of angular displacements.
Calculations are shown in Appendix H

Distance to point with maximum friction

Loss of prestressing force due to friction in point x.

Loss of stress due to friction in point x.

1/10
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Stress function with friction losses -

y-direction
1490
1485
1480
E 1475
s
= 1470
;E; 1465
wv
1460
1455
1450
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Distance from jacking end [m]
x-direction:
_ Sum of angular displacements.
Oy = 0.33978 Calculations are shown in Appendix H
x:= Ly Distance to point with maximum friction

|:_ u-(@x-i—k-x) . L .
APM =Pl —¢ = 6.746-kN  Loss of prestressing force due to friction in point x.

Ao, = — =44.972-MPa Loss of stress due to friction in point x.

Stress function with friction losses -

x-direction

1490
1485
1480
1475
1470
1465
1460
1455
1450
1445
1440

Stress [MPa]

01234567 8 910111213141516171819202122232425262728

Distance from jacking end [m]
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Due to anchorage set slip, EC2-1-1 clause 5.10.5.3

Aslip := 4mm
Ep = 196GPa
y-direction:
AP
. kN
B, = —F¥ = 0.400.—
y Ly m

Aslip-E.-
Lyy = {—[I’Apj = 16.951m
-y B
y

AP
1
Ao .= —>Y _92501.MPa

sLy Ap

Anchorage slip

Mean elastic modulus of tendon

Slope of the friction loss line

Distance from anchor to where the effect of
draw-in does no longer affect the loss

Loss of prestressing force due to wedge draw-in
atthe anchorage

Loss of stress due to wedge draw-in at the
anchorage

Stress function with anchorage set slip
losses - y-direction

1440
w 1430
=
— 1420
g
£ 1410
1400
1390
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Distance from jacking end [m]
Povgy = 14143MPa-A, = 212.145-kN Average stress in tendon

(for further calculations)
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x-direction:
APu.x kN Slope of the friction loss line

By = =0.246-—

L, m

i Distance from anchor to where the effect of
Aslip-E,- A, draw-in does no longer affect the loss
Lyy= 5. - 21.856m
X

APSl.X = 26XLdX =10.762-kN

APsl.x
Ao = =71.743-MPa

sl.x
Ap

Loss of prestressing force due to wedge draw-in
atthe anchorage

Loss of stress due to wedge draw-in at the
anchorage

Stress function with anchorage set slip
losses - x-direction

1460
1455
1450
1445
1440
1435
1430
1425
1420
1415
1410

Stress [MPa]

01234567 8910111213141516171819202122232425262728

Distance from jacking end [m]

P = 1438.3MPa-Ap =215.745-kN Average stress in tendon

avg.x

(for further calculations)
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Due to elastic shortening of concrete, EC2-1-1 clause 5.10.5.1

Ecm = 34000MPa
j=205

hslab = 200mm

5 2
Ac = hslab'lmzz x 107-mm

1 3 8 4
—1m:(hgjyp)” = 6.667 x 10°-mm

Mean elastic modulus of concrete
Coefficient

Slab thickness

Area of 1m strip

Moment of Inertia for 1m strip

12
Zep = 45mm Eccentricity of tendon, maximum is used
y-direction:
Ny =34 Number of tendons in y-direction
Ny Im = 1.227 Number of tendons in a 1m strip y-direction
Stress at tendon at maximum
2 eccentricity.
A _ NyPavg.y Ny.lmPan.y'Zcp 2 107-MP (calculation is simplified by
ey~ hyiL * I - o vV basing on gross cross section)
slab"~x c
AP, = AE j Aoy — 0.911kN Calculated loss of force due to the instantaneous
ely = ApEp E — 77 deformation of concrete
cm
A 3 APel.y — 6.073-MP Calculated loss of stress due to the
Tely = = 047k instantaneous deformation of concrete

Ap
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Stress function with elastich shortening

losses - y-direction

1430
1425
1420
1415
1410
1405
1400
1395
1390
1385
1380

Stress [MPa]

0 1 2 3 4 5 6 7 8 9 100 11 12 13
Distance from jacking end [m]

Pmo.y = Pavgy = APely = 211.234,N " Ayorage prestressing force with initial losses
included
x-direction:
N, =24 Number of tendons in x-direction
Ny 1= 12 Number of tendons in a 1m strip x-direction
Stress at tendon at maximum
2 ..
N.-P N P .z eccentricity.
Ao, = X avgx = X1m avgx7Tep _ g gs Mipa (calculation is simplified by
' hslab'Ly I basing on gross cross section)
AP = A E J-A0e _ 4303-kN Calculated loss of force due to the instantaneous
elx = Ap'Ep E =20 deformation of concrete
cm
AP x Calculated loss of stress due to the
Ao = = 28.684-MPa

el.x Ap instantaneous deformation of concrete
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Stress function with elastic shortening losses
- x-direction

1430
1425
1420
1415
1410
1405
1400
1395
1390
1385
1380

Stress [MPa]

01234567 8 910111213141516171819202122232425262728

Distance from jacking end [m]

Po0x = Pavex — APgl x = 211442 kN

mO0.x "~ “avgx Average prestressing force with initial losses

included
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Due to the time dependent losses (creep, shrinkage, relaxation), EC2-1-1 clause 5.10.6

@ =225 Creep coefficient

€cg = 0.00049 Shrinkage strain

pr.lk = 1640MPa Nominal yield strength of tendon

kg = 0.75 Coefficient, EC2-1-1 clause NA.5.10.3(2)
kg = 0.85 Coefficient, EC2-1-1 clause NA.5.10.3(2)

i = min(kapkaks'pr.lk) =1.394 x 103.Mpa Initial prestress, EC2-1-1 clause 5.10.3(2)

P1000 = 25 Losses of relaxation in percentage 1000 hours after
stressing with a mean temperature of 20 degrees.
Relaxation class 2 - low relaxation

t := 500000 Time after stressing, EC2-1-1 dause 3.32(8)
O'p1
B = — =0.749 EC2-1-1 clause 3.3.2(7)
fok
[0 75.( 1— )] Absolute value of relaxation
9.1- ! My . .
Ao = 0 My t 10 g = MP loss i the prestressing
Tpr = 0:66:p1000° | Tooo 1070y, = 67.737-MPa £ 5 11 clause 3.3.2(7)

Gy=5— Selfweight of reinforced concrete
m
Q=3 Ll Charactheristic live load
m
Py = 0.3 Load factor for permanent part of live load

q:= G + Py Qp = 5'9.kgN Load combination for dead load and live load




Losses of prestress

Appendix G

9/10

y-direction:

span 6m

yT
Mq = 0.125-q~spany2 =26.55-kN-m

2
Ny(PmO.y) Ny.lm(PmO.y)'Zcp Zep
Oc.Qpy~= ho L + | - Mq'I_
slab™~x c c
Ep
ecs~Ep + O.S-Acrpr + E_'LP'GC.QP.Y
[3(7 . cm
pcsry E, A A
1+ —— 1+ —Zep (1 +0.8)
IECrn [\C IC
€..-E
- CSA P = 94.207-MPa
A i} O —C-ch2 (1 + 0.8¢)
IECrn [\C IC
0.8-Ac
- — P = 53.155-MPa
A i} O —C-ch2 (1 + 0.8¢)
cm [\C IC
Ep
#0c.QPy
Iicrn
- ~ - 3.89-MPa
A i} O —C-ch2 (1 + 0.8¢)
IECrn [\C IC

Stress function with long term losses-
y-direction

1280
1275
1270
1265
1260
1255
1250
1245
1240
1235
1230

Stress [MPa]

0 1 2 3 4 5 6 7 8 9 10 11 12

Distance from jacking end [m]

Span in y-direction

Moment over support
y-direction

Stress in the concrete at

=0.306:MPa  tendon caused by permanent
loads
=151.252-MPa Total long term losses

Losses due to shrinkage

Losses due to relaxation

Losses due to creep

13

Pmt.y = PmO.y - (Acp.c.s.r.y' Ap) = 188.546-kN Prestressing force with all losses included




Losses of prestress Appendix G

10/10

x-direction:
span, := 9m
Mq = 0.1~q-spanx2 =47.79-kKN-m

2

NX(P mO.x) Nx.lm(P mO.x)'Zcp Zep
Oc.QPx = hy L * I _Mqll_
slab' -y c c
Ep
scs-Ep + O.8~A<7pr + E_'@'GC.QP.X
cm
Ao'p.c.s.r.x = Ey A A
1y —— Py —C-ch2 (14 0.8¢)
ECm AC IC
€. B
= CSA P = 94.207-MPa
1+ Lo Do 1+ —C-ch2 (1 + 0.8¢)
ECm AC IC
O.8-A0'pr
. - = 53.155-MPa
1+ Lo Do 1+ —C-ch2 (1 + 0.8¢)
cm AC IC
E
E P 0c.QP.x
cm
. - = 83.049-MPa
1+ Lo Do 1+ —C-ch2 (1 + 0.8¢)
ECm AC IC

Stress function with long term losses -
x-direction

1200
1195
1190
1185
1180
1175
1170
1165
1160
1155
1150

Stress [MPa]

01234567 8910111213141516171819202122232425262728

Distance from jacking end [m]

= 6.527-MPa

=230.411-MPa

Span in x-direction

Moment over support
x-direction

Stress in the concrete at
tendon caused by permanent
loads

Total long term losses

Losses due to shrinkage

Losses due to relaxation

Losses due to creep

Pt x = Pmox — (Ac’p.c.s.r.x' Ap) =176.881-kN Prestressing force with all losses included
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Appendix H — Angular displacement for friction loss calculations

Calculation of angular displacement in y-direction:

-

_.@:'gﬁg...ijs;r_f@i . o 01 b9,

. : -
AT/

TOLY
ETHO

R 1 q_‘L
[oyx 400« e |

Y= Ay thirc

X0 , ye-t o+ ~{lr a0 v bE204C

I‘f = M-« L20" - bz’w?

K20}, y=m4S v LUSTE a0+ BT rC
4 U Rl 4 L2t (Al 4610 b (20)
A Y5 = 4 651G + b oo - {4

R T S

A iR

X=5580, y=14 o 29z a.SSE0 ¢ beSSEL 4 C
14 = wSS5 4 5580 + (11~ €207 =b -6 20)

+ L= Sweva, 44900y - 11

» 4O =30%sap0a. +Ha60(- S - 32414)
+ Yo = YYD - 13610
T
+  a= 40+ Lﬁ;ﬁ‘j‘
ME4E880
+ o= JU6ItewT
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b= =34, ~3243.8463200 " = Y UY3S 107"
2007 e AT

Gzl = BYCFIO 10T+ YRS 0 = e

N ; s‘ R . - . ) ) ) - ‘-l
( Lﬁs_ = 846 +310 }{’“ - YUYS 10 Lx FA45,2457
| S . i

1 . e
|y . AL435107 X = 4Y387 0
L R i
| . Y - d
Oy = 09««4;,1 = 4643510 5-5)25) - Y 443810 f e ,ﬁf]@@:;'ﬁﬁs“g&
My = 410

bas dad
'l. — ) j ..a;
I [£=5580

=N

5 o . Y
46435107, 8580« 4 quy3s-10™ = S00bk-10

= Ul ool g1l b - 1o C = )7
By.= Ajerjr o] = M- 339350+ St = g3asqq

8y = 0,33599
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Calculation of angular displacement in x-direction:

“‘lQ 2 |
§ f
§oe { 1 j v
| l‘ﬁﬂ.L 'E R ,_j :
AN e Mg ¥

T@ °1 &»T ; % é;l'w 5{?

Y = cw_q“ FOX F L
Rowabelad
%20 gt v <Meag b0
v oc=-4
R I I P EL EE AR E EE R
v =M E a4 1 Lagqig - 1

A },} - '_l '}/;r}k - %LJ /14749

A= ?360‘5}&151 A 2= AT s BT A e

v 2= a0 4 PR~ 1M ~':s_f-_;) ~ 41

LA
& = 3O a - 15;;1% 11
VoA Y 5"! N [{j_é’
b= -4 %‘[ 3 5457 awi\ 2:1713%40"?“
’1-‘1}61
e __ ~
T " _ . |
T : -
|
brs bl = 222570107
Ml =0
O = KJ 1| T = _:h 5111'"{-25'5_-7%3&) __1;}_5'%‘;0"1 . '%P’) 139




Angular displacement for
friction loss calculations Appendix H 4/4

5) Ll)rm%é)‘l “«, (1..:‘

x=U ‘a‘wll S R A SRS
4 C =30

—

X 3600, o= =14 v =445 A-Foo" & H13600 + <
v ~4q = g.3000 +b-3600 +3T

e J; == 5600 - ‘5'7,-’_;2;590_

/

A0, 4211 > Bl: Ao’ b +
v AL = a-Fo $ 700 A-Yeon ~ £"\~ F 3L
ey
v 3= Woeva. - 402 r3L

7 W LA —
_ oot

b=~ 1 Zoo ~ 51 = -1+

Yilovw OO &';U

I E VAN A Ol
RS A

e meooo T 600 )

B2 = Ay, = -1%

hax L0 Lo

By= %-184‘ ¥ L\i@w_j s L“lzf;'g.’
=Y. LA50 -0+ Y- 33107+ M-
R ity

6x =0,33978
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Appendix | - Stress calculations

span, := 9m

span 6m

yT

h b= 200mm

slal

6 2
Ay = Spany'hslab =12x 10" -mm

6 2
A, y = spany-hg . =1.8x 10 -mm

y

1 h 3 _4 109 4
Iox= Espany- slab =4Xx -mm

1 h 3 6 109 4
Ic.y = Espanx- slab =0 -mm
e == 45mm

P10 x = 211.4kN

Pt x = 176.9kN

Pyng.y = 211.2kN

Py = 188.5kN

Nitrip.x = 12
Nytripy = 1133
N
dinitial = >~
m
kN kN kN
Agervice = 5 —2 + 033 —2 = 5.9-—2

m

Length of span in x-direction
Length of span in y-direction

Slab thickness

Area for full width of interior strip in x-direction

Area for full width of interior strip in y-direction

Second moment of area of interior strip in
x-direction

Second moment of area of interior strip in
y-direction

Maximum eccentricity of tendon over column
and in field

Prestressing force in x-direction with initial
losses included

Prestressing force in x-direction with all losses
included

Prestressing force in y-direction with initial
losses included

Prestressing force in y-direction with all losses
included

Number of tendons in strip, x-direction

Number of tendons in strip, y-direction

Initial load

Load at service (quasi-permanent)
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At column:

X-direction:

Initial load combination:

=1.107-MPa

=-5.335-MPa

2
M := 0.1-spany gjpjgja)spany = 243-kN-m
P N (@) hslab
_ . (e
“Pmo.x Nstrip.x . m0.x"strip.x 5
g =
c.to
P Ac.x Ic.x
P N (&) _hslab
_ . (e
P mO.x'Nstrip.x . m0.x"strip.x 5
g, = .
c.btm
Ac.x Ic.x

Quasi-permanent load combination:

=3.011-MPa

2
M = O'I'Spany'qservice'sl’anx —286.74-kKN-m
P N (@) hslab
_ . (e
“Pmt.x Nstrip.x . mt.x " strip.x 5
g = .
c.to
P Ac.x Ic.x
P N (&) _hslab
_ . ey 30
) Pmtx Nstrip.x mt.x "strip.x 5
Oc.btm = A + 1 _

C.X C.X

= —6.549-MPa
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Y-direction:

Initial load combination:

2
M = 0.125-spanx-qinitia1-spany =202.5-kN-m

P N ©) hg1ab hg1ab
P, N m0.y Sstrip.y (¢ T
) m0.y “strip.y 2 2
Oc.top = A + . + M- . =0.251-MPa
c.y c.y c.y
p N () “hgap “hgap
—_ . . . e —
) P mO.y'Nstrip.y m0.y " strip.y 2 2
Oc.btm = A + . + M-—I =-2.91-MPa
c.y c.y c.y
Quasi-permanent load combination:
2
M = 0.125-spanx-qsewice-spany =238.95-kN-m
P N ( )(hslabj (hslabj
—P_. N “Fmty Vstrip.y (€
t. trip. 2 2
Oc top = =y STPY + M- ~ 1.194-MPa
Ac.y Ic.y Ic.y
P N (@) “hglab “hgap
_ . . (e)] —— i
) P mt.y'Nstrip.y mt.y " strip.y 2 2
Oc.btm = A + . + M- . = -3.567-MPa

c.y c.y c.y
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Atspan:

X-direction:

Initial load combination:

2
M = _0'08'SPany'qinitial'Spanx =-194.4kN-m

P N (—e) hglab hgjap
_ . (e
~Pr0o.x Nstrip.x m0.x" strip.x > .
0'c.t0p = + + M. — 412.MPa
Ac.x Ic.x Ic.x
P N (—e) ~hgjap —hglap
_ . (e
_PmO.x'Nstrip.X m0.x " strip.x 5 .
Oc.btm = + + M- — _0.108-MPa
Ac.x Ic.x Ic.x
Quasi-permanent load combination:
M= _0'08'Spany'qservice'spanxz — 229392 kN-m
P N (—e) hs1ab hgjap
_ . (e
Prtx Nstrip.x mt.x strip.x > .
0'c.t0p = + + M- — _5.116-MPa
Ac.x Ic.x Ic.x
P N (=) “hgjap ~hglab
_ . A
Pt.x Nstrip.x mt.x strip.x 5 .
Oc.btm = " + " + M- . — 1.578-MPa

C.X Cc.X Cc.X
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Y-direction:

Initial load combination:

2
M = —0.0703-spanx-qinitial'Spany =~113.886-kN-m

h
slab
—P N, (—e
_PmO.y'Nstrip.y . m0.y strlp.y( )( 2 j

O‘C.tOp = M 43P
Ac,y IC.y ey
P N (—e) “Nglab “hgjap
- . . (—e _—
_PmO.y'Nstrip.y m0.y - strip.y 2 .
Oc.btm = + + M- =-1.226-MPa
Ac,y IC.y Ic_y
Quasi-permanent load combination:
2
M = —0.0703.spanx-qservice.Spany — _134.385-kN-m
P N (—e) hglab h1ab
_ N (-
_Pmt.y'Nstrip_y mt.y strip.y >
Oc.top = + + M- =-1.824-MPa
Ac,y Ic.y Ic,y
P N (—e) “hglab “hg1ab
= N (e
_Pmt.y'Nstrip_y mt.y - strip.y 5 .
e A i I + M = ~0.549-MPa

c.y c.y
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Appendix J - Bending moment calculations

Design bending moments:

span, := 9m
spany, = 6m

hslab = 200mm

’Yg::12
’Yq::IS
’szzl

kN kN
g = 23— gjap =3
m m
kN
qi =3 —2
m
Ny strip = 12
34
Ny.strip = ? =11.333
Pt x = 176.88kN
Pmt.y = 188.55kN
h := 68mm
e = 45mm

Length of span in x-direction
Length of span in y-direction

Slab thickness

Load factor for dead load

Load factor for live load

Load factor for prestressing.
NOTE: According to EC2-1-1 this should be 0,9
or 1,1. 1,0 is used for this comparement.

Characteristic dead load

Characteristic live load

Number of tendons in interior strip x-direction

Number of tendons in interior strip y-direction

Prestressing force per tendon in x-direction with
alllosses included

Prestressing force per tendon in y-direction with
alllosses included

Drape of idealized tendon parabola

Maximum eccentricity

Hand calculations are based on simple beam theory and idealized parabolic model.
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X-direction:
N, «rinP o -8h
p.x = xstrip_mtx = 14.255-g Equivalent upward force from tendons
spany m

2 .

Mp.column.x = O'l'qp.x'Spanx =115.467-kN-m Prestressing moment at column
2 . .

1\/[p'span.X = _o,og.qp'x.spanx =-92.374.kKN-m Prestressing momentin span

Mo column.x = I\Ix.strip'Pmt.x'e =95.515-kN-m Primary moment at column

N e =-95.515-kN-m Primary moment in span

My span.x = Nx.strip Pmt.x

MEK h.column.x = Mp.column.x =~ Mg column.x = 19-93 2-kN-ivharacteristic hyperstatic moment at
column
=3.141-kKN-m Characteristic hyperstatic moment in

M =M -M
Ek.h.span.x .span.x 0.span.x
p p-sp p span

. 2 Characteristic moment at column due to
MEk.g.column.x = —O.l-gk-spany-spanX = -243.kN-m dead load
) 2 Characteristic moment in span due to
MEk.g.span.x = O.Oi%-gk-span};spanX =194.4-kN-m dead load

Characteristic moment at column due to

2
_0.117.qk.spany-spanx =-170.586-kN-m live load

MEk g.column.x =

Characteristic moment in span due to

2

MEk q.span.x |

Design moments:

MEd column.x = Vg MEk g column.x * Yq"MEk.q.column.x T Yp MEk h.column.x = ~527-527-kN-m

MEg spanx = YgMEk.gspanx * YqMEk.q.spanx + Yp"MEk h.span.x = 457-308-kN-m
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Y-direction:
N P -8-h
dpy = ystip _mty :3,2.291-g Equivalent upward force from tendons
spany
2 ,
My, column.y = 0-125-qp, yspany” = 145.309-kN-m Prestressing moment at column
2 , .
— . . =— .kN- Prestressing moment in n
Mp.span.y' 0.0703 Gp.y SPany 81.722-kN-m estressing momentin spa

MO.column.y = Ny.strip'P
MO.span.y = Ny.strip'Pmt.y'_

MEk.h.column.y = Mp.column.y - MO.column.y =

MEk.h.span.y = Mp.span.y - MO.span.y =

MEk.g.column.y =

MEk.g.span.y :

MEk.q.column.y =

MEk.q.span.y :

Design moments:

mt.y©

2
—0.125-g}- span,-span,, - = —202.5-kN-m

2
= 0.0703-gk-spanx-spany =113.886-kN-m

2
—O.125-qk-spanx-spany =-121.5kN-m

2
= 0.0957-qk-spanx-spany =93.02-kN-m

=96.16-kN-m Primary moment at column

e =-96.16-kN-m Primary moment in span

49.149-kN-ncharacteristic hyperstatic moment at
column

14.439-kN-m Characteristic hyperstatic moment in
span

Characteristic moment at column due to
dead load

Characteristic moment in span due to
dead load

Characteristic moment at column due to
live load

Characteristic moment in span due to
live load

MEd.column.y = A{g'MEk.g.column.y + ﬁ{q'MEk.q.column.y + PYp'MEk.h.column.y =-376.101-kN-m

MEd.span.y = ﬁ{g'MEk.g.span.y + ﬁ{q'MEk.q.span.y + PYp'MEk.h.span.y =290.632-kN-m
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Bending moment capacity:

AGp.ULS = 100MPa
Ap = 150mm2

fyq = 434.8MPa

hslab
dp = + e =145-mm
0.85-35MPa
foqi= ———— =19.833-MPa
1.5

Alg= 'ir-(Smm)2 = 78.54-mm2

Increase of stress in ULS

Cross-sectional area of one tendon

Design strength of the reinforcement

Effective slab thickness due to tendons

Design compression strength of
concrete

Cross-sectional area of rebar @10
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X-direction:
spany,
b, = =3m Effective width of section. Half span due
2 to banded tendons.
As.top.x i=22-Aqp=1.728x 10%-mm” Reinforcement in top at column

N X
s.btm.x - 270mm

dd.x = 170mm

Spx = Nx.strip'(Pmt.x + AO-p.ULS'Ap) =

fgA

Sd top.x = fy = 751.28:kN

s.top.x

Sdbtmx = fyd'As bim.x = 379-435°kN

d

dp'Sp.x +dgx Sd.top.x

eff.column.x =
Sp.x + Sd.top.x

dp'Sp.x + d4.x"Sd.btm.x

deff.spanx =

Sp.x + 84 btm.x

o ) Sp.x + Sd.top.x
column.x -~
0.8-f,4'byd

eff.column.x

o _ Sp.x + 84 btm.x
span.x —
P 0.8f,4b,d

eff.span.x

Moment capactties:

MRd.column.x = _O'g'o‘column.x'(l - 0'4'0‘column.x)'bx'deff.column.x 1o

MRd.span.x = 0'8'0‘span.x'(l N 0'4'0‘span.x)'bx'deff.span.x

=0.379

2.303 x 103~kN

=151.15-mm

= 148.537-mm

=0.424

2

-f

Reinforcement in bottom in span

Effective slab thickness due to
reinforcement

Forces in tendons

Forces in reinforcement, top

Forces in reinforcement, bottom

Effective slab thickness due to tendons
and reinforcement combined, at column

Effective slab thickness due to tendons
and reinforcement combined, in span

Factor, at column

Factor, in span

%.f g = —383.22KN-m

4 =337.929-kN-m
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Y-direction:
by = spany = 9m Effective width of section. Half span due

A 31-Apg = 2435 107-mm”

stop.y =
b

Y _ 3 2
A bim.y = J70—A10 = 2618 10"-mm

dd 160mm

3
Sp.y = Nystrip(Pmty + A0p UL Ap) = 2.307 x 107-kN

3
Sd.topy = fydAs top.y = 1-059x 107kN

3
Sd.btm.y = fyd'AS.btm_y =1.138 x 10"-kN

d S, +dg.S
_ TpPpy " "dy“dtopy
deff.column.y = S 1S = 149.718-mm
p.y " “d.top.y
d.-S. . +dqy.-S
. . .btm.
d = Py Ay ANMY 49 956.mm
eff.span.y S +5S
D.y d.btm.y
_ Sp.y + Sd.top.y _
Ccolumny = 3F b od =0.157
©%cd Py “eff.column.y
S, +8S
. d.btm.
Ospan.y = - =Y _ 0.6l
0'8'fcd'by'deff.span.y
Moment capactties:
MRd.column.y = ~08Ccotumn.y (1 = 04 %column.y) by d

2
MRd.span.y = O'g'o‘span.y'(l - 0'4'0‘span.y)'by'deff.span.y :

eff.column.y

to banded tendons.

Reinforcement in top at column
Reinforcement in bottom in span

Effective slab thickness due to
reinforcement

Forces in tendons

Forces in reinforcement, top

Forces in reinforcement, bottom

Effective slab thickness due to tendons
and reinforcement combined, at column

Effective slab thickness due to tendons
and reinforcement combined, in span

Factor, at column

Factor, in span

2
foq=-472.153-kN'm

fog = 483.381-kN-m
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Appendix K - Shear calculations

dgy = 170mm Effective slab thickness due to reinforcement in x-direction
dd.y = 160mm Effective slab thickness due to reinforcement in y-direction
D := 400mm Diameter of column

Vo= 1.5 Partial factor of concrete

foi = 35MPa Characteristic compression strength of concrete

f.q:= 19.8MPa Design compression strength of concrete

span, := 9m Length of span in x-direction

spany = 6m Length of span in y-direction

hgjap = 200mm Slab thickness

fyk := 500MPa Characteristic yield strength of reinforcement

fywd = 434.8MPa Design yield strength of the shear reinforcement

Design shear forces are chosen equal to the reaction forces in the columns calculated in ADAPT:
VEd.inner = 749.2kN
VEdedge = 281.5kN

VEd.comer = 113.0kN
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dy,+d
d. d.x
degr = Yf — 165-mm (EC2-1-1:6.4.2(1))
2-dogr = 330-mm Distance from column edge to basic control perimeter

Control perimeters:

U] inner = w(D + 4'deff) =333 x 103 -mm Basic control perimeter, inner column
UQ inner = 7D = 1257 103.mm Column edge perimeter, inner column
U1 .inner
. 3 . .
U edge = T =1.665x% 10" -mm Basic control perimeter, edge column
Y0.inner ]
U0 edge = =628.319-mm Column edge perimeter, edge column
U1 .inner . .
U] comer = , =832.522.mm Basic control perimeter, corner column
Y0.inner ]
U0 corner = T =314.159-mm Column edge perimeter, corner column
B:=1 Assumed due to hinged releases / no moments in

columns
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Shear stresses in control perimeter:

(EC2-1-1:6.4.3(3))

. VEd.inner _ 1364 N
VEd.ul.inner = B u—- I -—2 Inner column
1.inner “eff mm
V
Ed.edge N
VEd.ul.edge = 6'—_(1 = 1~025'—2 Edge column
U1 .edge Yeff mm
V
Ed.corner N
VEd.ul.corner = B~—d = 0.823-—2 Corner column
Y1 corner Yeff mm
Shear stress at column edges, u0: (EC2-1-1:6.4.3(3))
Vi g
Ed.inner N
VEd.u0.inner = B.—d = 3.613-—2
Y0.inner %eff mm
V
Ed.edge N
VEd.u0.edge = o 2.715 —
U0.edge Yeff mm
V
Ed.corner N
VEd.u0.corner = 6'—_(1 = 2.18-—2
Y0.corner Yeff mm

Punching shear resistance without shear reinforcement:

Ky = 0.18 (EC2-1-1: NA6.4.4(1))
19
Cre = — =0.12 (EC2-1-1: NA6.4.4(1))
C
k=01 (EC2-1-1: NAB.4.4(1))
Kom min| 14 (2200 51,
= 2| = EC2-1-1: 6.4.4(1
defr (EC 6.4.4(1))
3 1 1
— 0.035k>-f., >-MPa> = 0.586.MP (EC2-1-1: NAB.4.4(1))
Vi = 0.035:k £, > -MPa” = 0.586-MPa ‘NA6.4.
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Reinforcement ratios, based on minimum reinforcement:

_ ) _
= min] T L6 05| = 6545 % 107
Ply.inner = M0 75mm'dd_y ,0.02| = 6.545 x
_ ) _
i ZOM) 1 02| 6.6 107
; = min ——————,0.02| = 6.6 x
PIx.inner Tommedy
= mi 02) = 6.572x 107"
PLinner = mm(\/ply.inner'plx.inner’0' )_ 6.572 %
2
i ZOM) 1 60] = 6545 107
= min ——————,0.02| = 6.545 x
Ply.edge 75mm- dd.y
PIx.edge = 0=0

Pledge = min(\’ ply.edge'plx.edge’o'oz) =0

Ply.corner = 0=0

0=0

Plx.corner =

Pl.corner = min(\/ Ply.corner’ plx.corner’o'oz) =0

(EC2-1-1: 6.2.2(1))
(EC2-1-1: 6.4.4(1))
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O.x = 1.786MPa Average stress in structure in x-direction

Ocy = 1.124MPa Average stress in structure in y-direction
g, + O

Oep= % — 1.455-MPa (EC2-1-1: 6.4.4(1))

Inner column:

1 2

3 3
VRd.c.inner ‘= Ma CRd.c'k'(IOO'pl.inner'fck) ‘MPa ™ + kl'ch’Vmin + kl'c"cp = 0.828-MPa

1 2

VRd.c0 inner = M CRd.C-k-(100-p1'inner~fck)3-MPa3,vmin =0.683-MPa  (Without axial stress)

1 2

3 3
VRd.c.edge = Ma CRd.c'k'(loo'pl.edge'fck) ‘MPa™ + kl'o'cp’vmin + kl'ch =0.731-MPa

1 2

VRd.c0.edge = MA CRd'dk-(100~p1'edge~fck)3-MPa3,vmin =0.586-MPa  (Without axial stress)

1 2

3 3
VRd.c.corner = Ma CRd.c'k'(100'pl.comer'fck> ‘MPa™ ..,V =0.731-MPa
+k1'O'Cp +k1'0'cp

1 2

VRd.cO.corner == Ma CRd.c'k'(loo'pl.comer' fck) 3 ~MPa3 sVimin | = 0-586-MPa (Without axial stress)
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Maximum punching shear resistance:

f
k
V=06 1 - ———1|=0516 (EC2-1-1: NA6.2.2(6))
250MPa
VRd.max = 04V-f.q = 4.087-MPa (EC2-1-1: NA.6.4.5(3))
With limitations:
) . Y1.inner
VRd.max.inner = min| 0.4-v-f.4,1.6-VR 4 0 inner B = 2.894-MPa
Y0.inner
. U] edge
VRd.max.edge = min| 0.4-v-fq, 1'6'VRd.cO.edge'B_— =2.483-MPa
Y0.edge
U1.corner

VRd.max.corner = min(OA-v-fcd, 1.6:'VRd c0.corner’ J = 2.483-MPa

B'uO.corner
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With limitations:

Inner column

Edge column

Corner column

At control perimeter|At column edge| At control perimeter|At column edge| At control perimeter|At column edge

vEd 1.364 3.613 1.025 2.715 0.823 2.18]

VRd 0.828 2.894 0.731 2.483 0.731 2.483
Utilization 1.65 1.25 1.40 1.09] 1.13 0.88]

Without limitations:

Inner column Edge column Corner column
vEd 3.613 2.715 2.18
VRd 4.087 4.087 4.087
Utilization 0.88 0.66 0.53
Conclusion:

- Shear reinforcement is needed at all columns

- Shear reinforcement for inner and edge columns must be calculated without concrete

contribution
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Shear reinforcement: (only inner column is calculated)

Control perimeter where shear reinforcement is not necessary:

V .
Ed.
Uoutimner = B = 5483 x 10"mm (EC2-1-1:64.5(4))
VRd.c.inner deff
s = 0.75-dggp = 123.75-mm Maximum radial spacing
fmax ¢ (EC2-1-1: 9.4.3(1))
--> choose: sp = 120mm
(u 1.inner j
-D
LS . .
d.«: == 7 _330-mm Distance from column edge to control perimeter
ul.inner 5
Yout.inner D
d _ T 612712 Distance from column edge to perimeter
w.out.inner = ) = 0/2. /12 MM \where shear reinforcement is not necessary
dintersection.].min = 0-3-defr = 49.5-mm Mln.|mum distance from column edge to first
perimeter
dintersection. 1 max = 0-3-defp = 82.5-mm Ma).<|mum distance from column edge to first
perimeter

d d —1-dopp = 507.712-mm  Minimum distance from column edge to
last perimeter

(EC2-1-1: NA.6.4.5(4))

perimeter.last.min -~ “u.out.inner
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Perimeter 1: Py := 70mm
Perimeter 2: P, := 70mm + s, = 190-mm
Perimeter 3: P := 70mm + 2-s. = 310-mm
Perimeter 4: P, = 70mm + 3-s. = 430-mm
Perimeter 5: Ps = 70mm + 4-s_ = 550-mm (> doerimeterast)
St = 15-dgp = 247.5-mm Maximum tangential spacing inside control perimeter u,

(EC2-1-1:9.4.3(1))

Maximum tangential spacing outside control perimeter u,

S = 2~d = 330'mm
t.max.out eff (EC2-1-1:9.4.3(1))
-->choose st := 240mm
o= r Angle between shear reinforcement and plane of the plate, 90 degrees
2

f. d.ef = mm(ZSOMPa + 025deff

yw MPa f d) =291.25-MPa  Effective design strength of the

mm Y punching shear reinforcement
(EC2-1-1:6.4.5(1))

(VEd.ul .inner)'sr'u 1.inner 3 2 Required shear reinforcement per
=1.247 x 10"-mm

A .
1.5 fywd. of sin(Q) perimeter

sw.req
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1

(0.08 fck~sr-st>-N2 )
Agw min = =18.174-mm Minimum cross section per link leg
' 1.5y mm (EC2-1-1:9.4.3(2))
-->chooses 210 A= 7'r-(5mm)2 — 78.54-mm°
10
A
Mo = swreq 15.88 -> n:=16 16 legs per perimeter
q A
10
Using stud rails:
T-(2-Pz + D
stg = M =294.524-mm Tangential spacing in outer perimeter
n
< Stmaxout ™ OK!
T-(2-P7 + D
sty = M =200.277-mm Tangential spacing in outer perimeter inside of control
n perimeter

<S;max > OK!

Summary:
- 16 stud rails with 5 studs @10 in each over inner columns
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Appendix L - Stresses in tendon layout analysis with two

decimals
ADAPT FEM-Design

X1 (span) X2 (column) X1 (span) X2 (column)

Top Bottom Top Bottom Top Bottom Top Bottom

A -2,95 0,51 0,88 -3,18 -3,62 0,25 6,66 -9,07

B -3,09 0,30 1,01 -3,11 -3,22 -0,37 4,74 -7,05

6X6 C -3,07 0,52 1,23 -3,27 -3,36 0,92 6,50 -8,74
D -3,07 0,45 1,12 -3,17 -3,21 0,38 5,78 -8,05

E -2,98 0,57 1,08 -3,23 -3,43 0,75 6,64 -8,95

F - - - - -3,58 3,58 11,56 -11,56

A -4,52 1,52 1,95 -5,09 -5,01 1,59 8,51 -11,66

B -4,84 1,13 2,15 -4,82 -4,85 0,68 5,45 -8,25

9X6 C -4,95 0,99 2,15 -4,84 -4,99 0,96 6,60 -9,58
D -4,89 1,06 2,12 -4,80 -4,89 0,71 5,84 -8,75

E -4,72 1,25 2,07 -4,92 -4,94 1,14 6,90 -9,91

F - - - - -5,49 5,49 14,56 -14,56

A -5,05 1,92 2,40 -5,58 -4,55 1,26 6,26 -9,47

B -5,35 1,44 2,78 -5,33 -4,60 0,39 2,81 -5,45
11X6 C -5,41 1,42 2,86 -5,38 -4,77 0,44 3,83 -6,61
D -5,36 1,46 2,82 -5,34 -4,62 0,41 3,19 -5,92

E -5,22 1,63 2,67 -5,48 -4,61 0,74 4,60 -7,58

F - - - - -5,48 5,48 12,60 -12,60

Values in MPa, positive values are tensile stresses, x-direction, quasi-permanent load combination

ADAPT FEM-Design |
Y1 (span) Y2 (column) Y1 (span) Y2 (column)
Top Bottom Top Bottom Top Bottom Top Bottom
A -2,79 0,29 1,30 -3,56 -2,83 0,27 6,57 -9,00
B -2,83 0,11 1,04 -3,43 -2,84 -0,74 4,82 -7,41
6X6 C -2,78 0,20 0,94 -3,43 -3,24 -0,26 6,80 -9,45
D -2,80 0,16 0,98 -3,44 -3,19 -0,34 5,91 -8,55
E -2,77 0,25 1,12 -3,50 -3,18 0,15 6,71 -9,29
F - - - - -3,10 3,10 11,95 -11,95
A -2,00 -0,05 0,24 -2,32 -2,27 0,33 7,09 -9,27
B -1,99 -0,19 0,11 -2,20 -2,08 -2,04 3,62 -6,38
9%6 C -1,97 -0,14 0,16 -2,17 -2,38 -1,23 5,79 -8,46
D -1,98 -0,17 0,14 -2,20 -2,39 -1,70 4,43 -7,15
E -1,99 -0,17 0,11 -2,23 -2,47 -0,95 5,62 -8,23
F - - - - -3,17 3,17 12,98 -12,98
A -1,60 -0,24 -0,12 -1,72 -1,47 -0,46 4,46 -6,37
B -1,57 -0,36 -0,22 -1,61 -1,25 -2,96 0,03 -2,91
11X6 C -1,58 -0,32 -0,17 -1,63 -1,98 0,17 2,06 -4,91
D -1,57 -0,35 -0,21 -1,61 -1,56 -2,65 0,81 -3,69
E -1,57 -0,29 -0,17 -1,65 -1,62 -1,62 2,67 -5,14
F - - - - -2,33 2,33 10,15 -10,15

Values in MPa, positive values are tensile stresses, y-direction, quasi-permanent load combination







Bending moment
capacities due to a column

strip/middle strip approach Appendix M

1/47

Appendix M - Bending moment capacities due
to a column strip/middle strip approach

span, := 9m
span,, := 6m

y

hslab = 220mm

Length of span in x-direction
Length of span in y-direction

Slab thickness

Vg = 1.2 Load factor for dead load
g = 1.5 Load factor for live load
p = 1 Load factor for prestressing.

P i= 178.56kN

NOTE: According to EC2-1-1 this should be 0,9 or
1,1. 1,0 is used for this comparement.

Characteristic dead load

Characteristic live load

Prestressing force per tendon with all losses
included

h:= 77mm Drape of idealized tendon parabola
Chottom = Domm Maximum eccentricity bottom
Cop = 43mm Maximum eccentricity top

Hand calculations are based on simple beam theory, distribution of 70/30% between
column and middle strip for negative moments, distribution of 60/40% between column
and middle strip for positive moments, and idealized parabolic model.
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X-direction:
=-0.1 2.0.7 = -187.11
MEk‘g.column.x.cstrip =~V 1l-g-spany-spany Y./ =—18/. -kN-m
=0.08 20671283k
MEk‘g.span.x.cstrip = V.U gy -spany-span, -U.b = 3-kN-m

2
MEk‘g.column.x.mstrip = —O.l-gk-spany-spanX 0.3 =-80.19-kN-m

2
MEk‘g.span.x.rnstrip =0.08-g; - spany-span, 0.4 = 85.54-kN-m

2
MEk‘q.column.x.cstrip =-0.1 17-qk-spany-spanX :0.7=-11941-kN-m

2
MEk‘q.span.x.cstrip =0.101-qy- spany-span -0.6 = 88.35-kN-m

2
MEk‘q.column.x.mstrip =-0.117-q)- spany-spany -0.3 =-51.18kN-m

2
MEk‘q.span.x.mstrip = 0.101-qk-spany-spanX 0.4 = 58.9-kN-m

Characteristic moment at
column due to dead load,
column strip

Characteristic moment in span
due to dead load, column strip

Characteristic moment at
column due to dead load, middle
strip

Characteristic moment in span
due to dead load, middle strip

Characteristic moment at
column due to live load, column
strip

Characteristic moment in span
due to live load, column strip

Characteristic moment at
column due to live load, middle
strip

Characteristic moment in span
due to live load, middle strip
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Y-direction:
: 12 2 1
MEk.g.column.y.cstrip =-0. 5~gk~spanx~spany -0.7=-155.93-kN-m

2
MEk.g.span.y.cstrip =0.0703-g; - span, -spany 0.6 = 75.16-kN-m

2
MEk.g.column.y.mstrip =-0.125-g) -span,- spany, -0.3 = -66.83-kN-m

2
MEk.g.span.y.mstrip = 0.0703~gk~spanx~spany -0.4 =50.11-kN-m

2
MEk.q.column.y.cstrip = —0.125~qk~spanx~spany 0.7 = -85.05-kN-m

2
MEk.q.span.y.cstrip = 0.0957-q- span, -spany 0.6 = 55.81-kN-m

2
MEk.q.column.y.mstrip = —0.125-q) -span- spany, -0.3 = -36.45-kN-m

2
MEk.q.span.y.mstrip = 0.0957~qk~spanx~spany -0.4=37.21-kN-m

Characteristic moment at
column due to dead load,
column strip

Characteristic moment in span
due to dead load, column strip

Characteristic moment at
column due to dead load, middle
strip

Characteristic moment in span
due to dead load, middle strip

Characteristic moment at
column due to live load, column
strip

Characteristic moment in span
due to live load, column strip

Characteristic moment at
column due to live load, middle
strip

Characteristic moment in span
due to live load, middle strip
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AUp.ULS = 100MPa
Ap = 150mm2

fyd = 434.8MPa

hslab

dp.column = 5 * top

= 153-mm

hslab

dp.span = B * Cpottom

= 165-mm

_ 0.85-45MPa

: = 25.5-MPa
cd 1.5

A= 7'(-(5rnm)2 = 78.54-mm2

Ag= 7'(-(8rnm)2 = 201.06-mm2

3 2
As.top.x.cstrip =8Apg=161x10"-mm

A

3 2
s.top.y.cstrip = 9-Aj=1.81x10"-mm

2
As top.x.mstrip = A1 = 804.25-mm

3 2
As.top.y.mstrip =7-A1g=141x10"-mm

1 2

A, =—
s.btm 200mm m

Increase of stress in ULS

Cross-sectional area of one tendon

Design strength of the reinforcement

Effective slab thickness due to tendons at column

Effective slab thickness due to tendons in span

Design compression strength of concrete

Cross-sectional area of rebar 10

Cross-sectional area of rebar 16

Reinforcement in top at column in x-direction, column
strip

Reinforcement in top at column in y-direction, column
strip

Reinforcement in top at column in x-direction, middle
strip

Reinforcement in top at column in y-direction, middle
strip

Reinforcement in bottom in span, per meter
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d4 column.x = 187mm

dd‘span.x = 190mm

dd‘column.y = 171mm

dd‘span.y = 180mm

Sd‘top.x‘cstrip = fyd'As.top.x‘cstrip = 699.37-kN
Sd.btm.x.cstrip = fyd As.bm'3M = 512.24-kN
Sd‘top.x‘mstrip = fyd'As.top.x.mStrip = 349.69-kN
Sd‘btm.x.mstrip = fyd'As_btm'3m = 512.24.kN
Sd‘top.y.cstrip = fyd'AS.tOp.y.cstrip = 786.8-kN
Sd.btm.y.cstrip = fyd As.bm'3M = 512.24-kN
=611.95-kN

Sd‘top.y.mstrip = fyd' As.top.y.mstrip

3
Sd‘btm.y‘mstrip = fyd'As.btm'6m =1.02x10"-kN

Effective slab thickness due to reinforcement, column, x-direction

Effective slab thickness due to reinforcement, span, x-direction

Effective slab thickness due to reinforcement, column, y-direction

Effective slab thickness due to reinforcement, span, y-direction

Forces in reinforcement, top, x-direction,
column strip

Forces in reinforcement, bottom,
x-direction, column strip

Forces in reinforcement, top, x-direction,
middle strip

Forces in reinforcement, bottom,
x-direction, middle strip

Forces in reinforcement, top, y-direction,
column strip

Forces in reinforcement, bottom,
y-direction, column strip

Forces in reinforcement, top, y-direction,
middle strip

Forces in reinforcement, bottom,
y-direction, middle strip
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Tendon layout A

kN
=163—

=12.22—

= 24.44.—

NX.cstrip =12
Nx.mstrip =0
Ny.cstrip =4
Ny.mstrip =8
) Nx.cstrip'P mt
9p.x.cstrip =
span
) Nx.mstrip'P mt’
9p x.mstrip =
span,
) Ny.cstrip'P mt
9p.y.cstrip = 5
spany
) Ny.mstrip'P mt’
Ap.y.mstrip =

2
spany,

Number of tendons in interior strip x-direction, column strip

Number of tendons in interior strip x-direction, middle strip

Number of tendons in interior strip y-direction, column strip

Number of tendons in interior strip y-direction, middle strip

Equivalent upward force from tendons,
m x-direction, column strip
kN .
=0— Equivalent upward force from tendons,
m x-direction, middle strip
kN .
Equivalent upward force from tendons,
m y-direction, column strip
kN .
Equivalent upward force from tendons,
m y-direction, middle strip
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‘SPanx2 =131.99-kN-m Prestressing moment at column,

M . =0.1q :
.column.x.cst X.cst
p-eottm.£estp p-X-csHp x-direction, column strip

-spanx2 =-105.59-kN-m Prestressing moment in span,

M . =-0.08-q :
. .X.CSt] .X.Cst]
P-span.x.estip p-X-csHp x-direction, column strip

-spanxz = 0-kN-m Prestressing moment at column,

M . =0.1- .
.column.x.mstrip =~ V1" 9p.x.mst
A p-%-mstip x-direction, middle strip

-spanx2 = 0-kN-m Prestressing moment in span,
x-direction, middle strip

Mp.span.x.mstrip = _O'OS'qp.x.mstrip

2 .

M . :=0.125-q . .span, = 55-kN-m Prestressing moment at column,
.column.y.cst .y.cst

P-COTUMRY-¢SHIP p-y-esTp Y y-direction, column strip

g -30.93-kN-m Prestressing moment in span,

M . :=-0.0703-q . -span
.span.y.cst .y.cst
P-spany-¢sHip p-y-SHIp Y y-direction, column strip

2 .

M - =0.125-q . .span,, = 109.99-kN-m Prestressing moment at column,
.col .y.mst .y.mst:

p-COTUMR Y SHIP P-y- ISP Y y-direction, middle strip

g —61.86-kN-m Prestressing moment in span,

M . :=-0.0703-q . -span
. .y.mst .y.mst
P-Span.y-mstip p-y-mstip Y y-direction, middle strip

My column.x.cstrip = Nx.cstrip Pmt Ctop = 92.14-kN-m Primary moment at column, x-direction,
column strip

M span.x.cstrip = Nx.cstrip' Pmt ~bottom = —~117.85-kN-m Primary moment in span, x-direction,
column strip

Mg column.x.mstrip = Nx.mstrip' Pmt Stop = 0-kN-m Primary moment at column, x-direction,
middle strip

M span.x.mstrip ‘= Nx.mstrip Pmt ~bottom = O-kN-m Primary moment in span, x-direction,
middle strip

My column.y.cstrip = Ny.cstrip Pmt Ctop = 30.71-kN-m Primary moment at column, y-direction,
column strip

My span.y.cstrip = Ny.cstrip” Pmt ~bottom = —-39.28 kN-m Primary moment in span, y-direction,
column strip

Mg column.y.mstrip = Ny.mstrip Pmt Sop = 61:42-kN-m Primary moment at column, y-direction,
middle strip

N —78.57-kKN-m Primary moment in span, y-direction,

MO.span.y.mstrip = y.mstrip'Pmt'_ebottom =

middle strip
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Characteristic hyperstatic moments:

MEk.h.column.x.cstrip = Mp.column.x.cstrip - MO.column.x.cstrip = 39.85-kN-m

MEk.h.span.x.cstrip = Mp.span.x.cstrip - MO.span.x.cstrip = 12.26-kN-m

MEk.h.column.x.mstrip = Mp.column.x.mstrip - MO.column.x.mstrip = 0-kN-m
MEk.h.span.x.mstrip = Mp.span.x.mstrip - MO.span.x.mstrip = 0-kN-m
MEk.h.column.y.cstrip = Mp.column.y.cstrip - MO.column.y.cstrip = 24.28-kN-m
MEk.h.span.y.cstrip = Mp.span.y.cstrip - MO.span.y.cstrip = 8.35-kN-m
MEk.h.column.y.mstrip = Mp.column.y.mstrip - MO.column.y.mstrip = 48.57-kN-m
=16.71-kN-m

MEk.h.span.y.mstrip = Mp.span.y.mstrip - MO.span.y.mstrip

x-direction, column
strip

x-direction, column
strip

x-direction, middle
strip

x-direction, middle
strip

y-direction, column
strip

y-direction, column

strip

y-direction, middle

strip

y-direction, middle
strip
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Design moments:

MEd.column.x.cstrip = 'Yg'MEk‘g.column.x.cstrip + 'Yq'MEk.q.column.x.cstrip « = =363.79-kN-m
+ 'Yp'MEk.h.column.x.cstrip
MEd.span.X.cstrip = Wg'MEk.g.span.x.cstrip + ’Yq'MEk‘q.Span.x.cstrip - = 298.75-kN-m
+ 'Yp'MEk.h.span.x.cstrip
MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq'MEk.q.column.x.mstrip + = ~172.99-kN'm
+ ﬁfp’MEk.h.column.x.mstrip
MEd.span.X.mstrip = ’Yg'MEk‘g.span.x.mstrip + ’Yq'MEk‘q.span.x.mstrip ~ = 191-kN-m
+ ﬁfp'MEk.h.span.x.mstrip
MEd.column.y.cstrip = 'Yg'MEk‘g.column.y.cstrip + 'Yq'MEk.q.column.y.cstrip « = =2904-kN-m
+ 'Yp'MEk.h.column.y.cstrip
MEd.span.y.cstrip = Wg'MEk.g.span.y.cstrip + ’Yq'MEk‘q.span.y.cstrip - = 182.27-kN-m
+ 'Yp'MEk.h.span.y.cstrip
MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip + = ~86.3-kN-m
+ ﬁfp’MEk.h.column.y.mstrip
=132.65-kN-m

MEd.span.y.mstrip = ’Yg'MEk‘g.span.y.mstrip + ’Yq'MEk‘q.span.y.mstrip
+ ﬁfp'MEk.h.span.y.mstrip
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. 3 Forces in tendons, x-direction,
SpAX.cstrip = Nx.cstrip'(Pmt + AO-pAULS'Ap) =2.32x107-kN column strip

) Forces in tendons, x-direction,
SpAX.mstrip = Nx.mstrip'(Pmt + AO-pAULS'Ap) = 0-kN middle strip

Forces in tendons, y-direction,

SpAy.cstrip = Ny.cstrip'(Pmt + AO-pAULS'Ap) = 774.24-kN column strip
) 3 Forces in tendons, y-direction,
SpAy.mstrip = Ny.rnstrip'(Prnt + AO-p.ULS'A'p) = 1.55x107"-kN middle strip

Effective slab thicknesses:
) dp.column' Sp.x.cstrip + dd.colurnn.x'Sd.top.x.cstrip
deff.column.x.cstrip = S +S =160.87-mm
p-x.cstrip * “d.top.x.cstrip
) dp.span'SpAX.cstrip + ddlspan.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S +s = 169.52-mm
p-x.cstrip " “d.btm.x.cstrip
) dpAcolumn'SpAX.mstrip + dd.colurnn.x'Sd.top.x.rnstrip
deff.column.x.mstrip = S +S = 187-mm
p-x.mstrip * “d.top.x.mstrip
) dplspan' Sp.x.mstrip + ddAspan.x'Sd.btm.x.mstrip
deff.span.x.mstrip = S +s = 190-mm
p.x.mstrip " " d.btm.x.mstrip
) dp.column' Sp.y.cstrip + dd.colurnn.y'Sd.top.y.cstrip
deff.column.y.cstrip = S +S =162.07-mm
p.y.cstrip * “d.top.y.cstrip
) dp.span'sply.cstrip + ddAspan.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S +s = 170.97-mm
p.y.cstrip " ®d.btm.y.cstrip
) dplcolumn'SpAy.mstrip + ddAcolumn.y'Sd.top.y.mstrip
deff.column.y.mstrip = S +s = 158.1'mm
p.y.mstrip * “d.top.y.mstrip
) dplspan' Sp.y.mstrip + dd.span.y'SdAbtm.yAmstrip
deff.span.y.rnstrip = = 170.97-mm

Sp.y.mstrip + Sd.b‘rm.y.mstrip
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o-factors:

) SpAX.cstrip + Sdtop.x.cstrip
Qcolumn.x.cstrip = 08f 3md =031
-S-ded XM Qeff column. X cstrip
) Sp.x.cstrip + Sd.btm.x.cstrip
Qspan.x.cstrip = 08f 3md =027
-S-ded 2™ Qeff span.x.cstrip
) Sp.x.mstrip + Sdltop.x.mstrip
Qcolumn.x.mstrip = 08f 3md =0.03
Sded XM Qeff column.x. mstrip
) Sp.x.mstrip + SdAbtrn.X.rnstrip
Qspan.x.mstrip = 08f «3md =0.04
-S-ded XM Qeff span.x.mstrip
_ SpAy.cstrip + SdAtop.y.cstrip _0.16
Qcolumn.y.cstrip = 0.8-f 3m-d -
-Sded 2 Qeff column.y.cstrip
o o Sp.y.cstrip + Sd.btm.y.cstrip _ o012
span.y.cstrip " 0.8f +3m-d RS
" ed eff.span.y.cstrip
_ SpAy.mstrip + Sd.top.y.mstrip 011
Qcolumn.y.mstrip = 0.8-f +6m-d -
O led OM Qeff column.y.mstrip
Sp.y.mstrip+ SdAbtrn.ylmstrip _ o012

Q L=
span.y.mstrip *
0.8-foq 6m-degr span.y.mstrip




Bending moment

capacities due to a column .
strip/middle strip approach Appendix M 12/47

Moment capacities:

2 .
MRd.column.x.cstrip = _0'8'0‘column.x.cstrip'(1 - 0‘4'0‘column.x.cstrip)‘3m' deff.column.x.cstrip foq = —42647-

2

0 eff.span.x.cstrip f,q=428.04-kN-m

1-04« -3m-d

MRd.span.x.cstrip = 'O‘span.x.cstrip’( span.x.cstrip)

2

-0.8-a eff.column.x.mstrip

(1-04a )-3md fq=—64.5

MRd.column.x.mstrip = column.x.mstrip’ column.x.mstrip

2

=08a eff.span.x.mstrip foq = 95.61-kN-m

1-04« -3m-d

MRd.span.x.mstrip : span.x.mstrip'( span.x.mstrip)

2 ,
MRd.column.y.cstrip = ~0-8: (1-04a )3 degt cotumn.y.cstrip fed = 23707

column.y.cstrip’ column.y.cstrip

2

0 eff.span.y.cstrip f,4=209.14-kN-m

1-04« -3m-d

MRd.span.y.cstrip = 'O‘span.y.cstrip’( span.y.cstrip)

2

-0.8-a eff.column.y.mstrip -

MRd.column.y.mstrip = (1 -0.4a )~6m-d f.q=-3263

column.y.mstrip’ column.y.mstrip

MRd.span.y.mstrip = 0'8'0‘span.y.mstrip’(1 - 0'4'0‘span.y.mstrip)‘6m' deff.span.y.mstripzfcd = 418.27-kN-m
X-direction Y-direction
Column strip Middle strip Column strip Middle strip
At column At span At column At span At column At span At column At span
MEd -363.8 298.8 -173 191 -290.4 182.3 -86.3 132.7
MRd -426.5 428 -64.6 95.6 -237.1 209.1 -326.3 418.3

Utilization 85% 70% 268 % 200 % 122 % 87% 26% 32%
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Tendon layout B

Number of tendons in interior strip x-direction, column strip

Number of tendons in interior strip x-direction, middle strip

Number of tendons in interior strip y-direction, column strip

Number of tendons in interior strip y-direction, middle strip

NX.cstrip =12
Nx.mstrip =0
Ny.cstrip =12
Ny.mstrip =0
) Nx.cstrip’Pmt’g'h kN
9p.x.cstrip = 5 = 16'3':
span
Nx.mstrip'Pmt'g'h 0 kN
q . :: = —
p.x.mstrip m
span
) I\Iy.cstrip’Pmt’g'h kN
9p.y.cstrip = 5 = 36'66'?
spany
) Ny.mstrip’Pmt'S’h kN
9p.y.mstrip = = 0':

2
spany,

Equivalent upward force from tendons,
x-direction, column strip

Equivalent upward force from tendons,
x-direction, middle strip

Equivalent upward force from tendons,
y-direction, column strip

Equivalent upward force from tendons,
y-direction, middle strip
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M -spanX2 =131.99-kN-m

p.column.x.cstrip = 0'1'qp.x.cstrip

M 2 =—-105.59-kN-m

p-span.x.cstrip =-0.08- qp.x.cstrip' Spany

2
M -span, = 0-kN-m

p.column.x.mstrip = 0.1 9p.x.mstrip

2
M -span, = 0-kN-m

p.span.x.mstrip = _O'Og'qp‘x.mstrip

2
Mp.column.y.cstrip = 0'125'qp‘y.cstrip'5pany = 164.99-kN-m

2
Mp.span.y.cstrip = _0'0703'qp‘y,cstrip'Spany =-92.79-kN-m

2
Mp.column.y.mstrip = O'lzs'qp.y.mstrip'Spany =0-kN'm

2
M -0.0703- Ap.y.mstrip PNy = 0-kN-m

p.span.y.mstrip =

N P =92.14-kN-m

MO.column.x.cstrip = Nx_cstrip ' mt top

P —117.85-kN-m

MO.span.x.cstrip = Nx.cstrip' mt ~®bottom =

P = 0-kN-m

MO.column.x.mstrip = Nx.mstrip' mt Stop

N P = 0-kN-m

MO.span.x.mstrip = Nx. mstrip"* mt ~®bottom

P =92.14-kN-m

MO.column.y.cstrip = Ny.cstrip' mt Stop

N P —117.85-kN-m

MO.span.y.cstrip = Ny cstrip ' mt ~®bottom =

MO.column.y.mstrip = Ny.mstrip'P mt Ctop = 0-kN-m

N P = 0-kN-m

MO.span.y.rnstrip = Ny mstrip ' mt ~®bottom

Prestressing moment at column,
x-direction, column strip

Prestressing moment in span,
x-direction, column strip

Prestressing moment at column,
x-direction, middle strip

Prestressing moment in span,
x-direction, middle strip

Prestressing moment at column,
y-direction, column strip

Prestressing moment in span,
y-direction, column strip

Prestressing moment at column,
y-direction, middle strip

Prestressing moment in span,
y-direction, middle strip

Primary moment at column, x-direction,
column strip

Primary moment in span, x-direction,

column strip

Primary moment at column, x-direction,
middle strip

Primary moment in span, x-direction,
middle strip

Primary moment at column, y-direction,
column strip

Primary moment in span, y-direction,
column strip

Primary moment at column, y-direction,
middle strip

Primary moment in span, y-direction,
middle strip
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Characteristic hyperstatic moments:

MEk.h.column.x.cstrip = Mp.column.x.cstrip - MO.column.x.cstrip = 39.85-kN-m

MEk.h.span.x.cstrip = Mp.span.x.cstrip - MO.span.x.cstrip = 12.26-kN-m

MEk.h.column.x.mstrip = Mp.column.x.mstrip - MO.column.x.mstrip = 0-kN-m

MEk.h.span.x.mstrip = Mp.span.x.mstrip - MO.span.x.mstrip = 0-kN-m

MEk.h.column.y.cstrip = Mp.column.y.cstrip - MO.column.y.cstrip = 72.85-kN-m

MEk.h.span.y.cstrip = Mp.span.y.cstrip - MO.span.y.cstrip = 25.06-kN-m

MEk.h.column.y.mstrip = Mp.column.y.mstrip - MO.column.y.mstrip = 0-kN-m
= 0-kN-m

MEk.h.span.y.mstrip = Mp.span.y.mstrip - MO.span.y.mstrip

x-direction, column
strip

x-direction, column
strip

x-direction, middle
strip

x-direction, middle
strip

y-direction, column
strip

y-direction, column

strip

y-direction, middle

strip

y-direction, middle
strip
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Design moments:

MEd.column.x.cstrip = ﬁfg’MEk.g.column.x.cstrip + 'Yq’MEk.q.column.x.cstrip ~ = =363.79-kN-m
+ Wp'MEk.h.column.X.cstrip
MEd.span.x.cstrip = 'Yg'MEk.g.span.x.cstrip + ﬁfq'MEk.q.span.x.cstrip - = 298.75-kN-m
+ Wp'MEk.h.span.x.cstrip
MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq’MEk.q.column.x.mstrip s = =172.99-kN-m
T MEk‘h.column.x.mstrip
MEd.span.x.mstrip = ﬁfg'MEk.g.span.x.mstrip + ﬁfq'MEk.q.span.x.mstrip - = 191-kN-m
+ ’Yp'MEk‘h.span.x.mstrip
MEd.column.y.cstrip = ﬁfg’MEk.g.column.y.cstrip + 'Yq’MEk.q.column.y.cstrip w = —241.83-kN-m
+ Wp'MEk.h.column.y.cstrip
MEd.span.y.cstrip = 'Yg‘MEk.g.span.y.cstrip + ﬁfq‘MEk.q.span.y.cstrip - = 198.98-kN-m
+ Wp'MEk.h.span.y.cstrip
MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip ~e = ~134.87-kN-m
T MEk‘h.column.y.mstrip
=115.94-kN-m

MEd.span.y.mstrip = ﬁfg'MEk.g.span.y.mstrip + ﬁfq'MEk.q.span.y.mstrip
T MEk‘h.span.y.mstrip
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. 3 Forces in tendons, x-direction,
Sp‘x.cstrip = Nx.cstrip'(Pmt + AO-p‘ULS'Ap) =232x107-kN column strip

Forces in tendons, x-direction,

Sp‘x.mstrip = Nx.mstrip'(Pmt + AO-p‘ULS'Ap) = 0-kN middle strip
. )30 103 Forces in tendons, y-direction,
Sp‘y.cstrip = Ny.cstrip'(Pmt + AO-p‘ULS'Ap) = £02x kN column strip

Forces in tendons, y-direction,

Sp‘y.mstrip = Ny.rnstrip'(Prnt + AO-p.ULS'A'p) = 0-kN middle strip
Effective slab thicknesses:
) dp.column' Sp.x.cstrip + dd.column.x'Sd.top.x.cstrip
deff.column.x.cstrip = S S = 160.87-mm
p.x.cstrip+ d.top.x.cstrip
) dp.span’sp.x.cstrip + dd.span.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S S = 169.52-mm
p.x.cstrip+ d.btm.x.cstrip
) dp.column’sp.x.mstrip + dd.column.x‘Sd.top.x.mstrip
deff.column.x.mstrip = S S = 187-mm
p.x.mstrip+ d.top.x.mstrip
) dp.span' Sp.x.mstrip + dd.span.x‘Sd.btm.x.mstrip
deff.span.x.mstrip = S S = 190-mm
px.mstrip T ©d.btm.x.mstrip
) dp.column' Sp.y.cstrip + dd.column.y'Sd.top.y.cstrip
deff.column.y.cstrip = S +s = 157.55-mm
p.y.cstrip * “d.top.y.cstrip
) dp.span'sp.y.cstrip + dd.span.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S +s = 167.71-mm
p.y.cstrip T ®d.btm.y.cstrip
) dp.column’sp.y.mstrip + dd.column.y‘Sd.top.y.mstrip
deff.column.y.mstrip = S S = 171-mm
p.y.mstrip+ d.top.y.mstrip
) dp.span' Sp.y.mstrip + dd.span.y'sd.btm.y.mstrip
deff.span.y.rnstrip = S = 180-mm

p.y.mstrip Sd.b‘rm.y.mstrip
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o-factors:

SpAX.cstrip + Sdtop.x.cstrip 031
a = =0.
column.x.cstrip
0.8-foq3m: deff.column.x.cstrip
Sp.x.cstrip + Sd.btm.x.cstrip 027
a = =0.
Span.x.cstrip £ 2. ]
0.8 fed 3m deff.span.x.cstrlp
Sp.x.mstrip + Sdltop.x.mstrip 0.03
a = =0.
column.x.mstrip
0.8-foq 3m: deff.column.x.mstrip
Sp.x.mstrip + SdAbtrn.X.rnstrip 0.04
a = =0.
Span.x.mstrip £ 2. ]
0.8 fed 3m deff.span.x.mstrlp
o _ SpAy.cstrip + SdAtop.y.cstrip 03
column.y.cstrip ™~ -
0.8-foq3m: deff.column.y.cs‘crip
o _ Sp.y.cstrip + Sd.btm.y.cstrip 008
span.y.cstrip e -
0.8 fed 3m deff.span.y.cstrip
o _ SpAy.mstrip + Sd.top.y.mstrip 003
column.y.mstrip -
O'S'fcd'6m'deff.column.y.mstrip
Sp.y.mstrip + SdAbtrn.ylmstrip 0.05

o L=
Span.y.mstrip £ . ]
0.8 fed 6m deff.span.y.mstrlp
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Moment capacities:

MRd.column.x.cstrip = _0'8'0‘column.x.cstrip'(1 - 04

0.8 1-04a

MRd.span.x.cstrip = 'O‘span.x.cstrip’(

MRd.column.x.mstrip = _O'g’o‘column.x.mstrip'(l - 04

column.x.cstrip

span.x.cstrip) 3m-d

column.x.mstrip)

2 ,
)-3m-d £, g = —426.47.

eff.column.x.cstrip

2
eff.span.x.cstrip foq = 428.04-kN-m

2

3m dcisz.column.x.mstrip ’

4 = —64.5¢

2
MRd.span.x.mstrip = 0'8'0‘span.x.mstrip’(1 - 0'4'0‘span.x.mstrip)'3m' deff.span.x.mstrip foq = 95.61-kN-m
=-0.8 1-04 3 2f =-426.72-
MRd.column.y.cstrip = 'O‘column.y.cstrip'( Y ’acolumn.y.cstrip)' m deff.column.y.cs‘crip Yed T TTANIE
2
MRd.span.y.cstrip = O'g’o‘span.y.cstrip'(1 - 0'4'0‘span.y.cstrip)'3m deff.span.y.cstrip foq = 422.92.kN-m

MRd.column.y.mstrip = _O'Sucolumn.y.mstrip'(l - 0.4-a

MRd.span.y.mstrip = 0'8'0‘span.y.mstrip’(1 -04a

X-direction
Column strip Middle strip
At column At span At column At span
MEd -363.8 298.8 -173 191
MRd ~ -426.5 428 -64.6 95.6
Utilization 85% 70 % 268 % 200 %

column.y.mstrip)

span.y.mstrip

2

-6m: deff.column.y.mstrip '

foq= 1034

2
)'6m’deff.span.y.mstrip foq = 180.98-kN-m
Y-direction
Column strip Middle strip
At column At span At column At span
-241.8 199 -134.9 115.9
-426.7 422.9 -103.4 181
57 % 47 % 130 % 64 %
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Tendon layout C

Number of tendons in interior strip x-direction, column strip

Nx.cstrip =6
' Number of tendons in interior strip x-direction, middle strip
Nx.mstrip =6
_ Number of tendons in interior strip y-direction, column strip
Ny.cstrip =12
' Number of tendons in interior strip y-direction, middle strip
Ny.mstrip =0
N . .P__.8h
qp X.Ctrip = X.cstrip _ mt =81 5.k_N Equivalent upward force from tendons,
- spanX2 m x-direction, column strip
N . -P__-8h
qp % mstrip = X.mstrip _ mt =81 5.k_N Equivalent upward force from tendons,
o _— m x-direction, middle strip
X
N . -P__-8h
qp cstrip = M = 36,66.k_N Equivalent upward force from tendons,
Y s any2 m y-direction, column strip
N . .P__.8.h
qp y.mstrip = y.mstrip _ mt = O.k—N Equivalent upward force from tendons,

2
span,,

y-direction, middle strip
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M -spanX2 = 66-kN-m

p.column.x.cstrip = 0'1'qp.x.cstrip

M 2 = -52.8-kN-m

p-span.x.cstrip =-0.08- qp.x.cstrip' Spany

M -spanX2 = 66-kN-m

p.column.x.mstrip = 0.1 9p.x.mstrip

M -spanX2 =-52.8-kN-m

p.span.x.mstrip = _O'Og'qp‘x.mstrip

2
Mp.column.y.cstrip = 0'1zs'qp‘y.cstrip'Spany = 164.99-kN-m

2
Mp.span.y.cstrip = _0'0703'qp‘y.cstrip'Spany =-92.79.-kN-m

2
Mp.column.y.mstrip = 0.125 "Ip.y.mstrip SPaly = 0-kN-m

2
M -0.0703- Ap.y.mstrip PNy = 0-kN-m

p.span.y.mstrip =

N P =46.07-kN-m

MO.column.x.cstrip = Nx_cstrip t mt top

P —58.92.kN-m

MO.span.x.cstrip = Nx.cstrip' mt ~®bottom =

P =46.07-kN-m

MO.column.x.mstrip = Nx.mstrip' mt %top

N P —58.92.kN-m

MO.span.x.mstrip = Nx mstrip"t mt ~®bottom =

P =92.14-kN-m

MO.column.y.cstrip = Ny.cstrip' mt Stop

N P —117.85-kN-m

MO.span.y.cstrip = Ny cstrip ™t mt ~®bottom =

MO.column.y.mstrip = Ny.mstrip'P mt Stop = 0-kN-m

N P = 0-kN-m

MO.span.y.rnstrip = Ny mstrip ' mt ~®bottom

Prestressing moment at column,
x-direction, column strip

Prestressing moment in span,
x-direction, column strip

Prestressing moment at column,
x-direction, middle strip

Prestressing moment in span,
x-direction, middle strip

Prestressing moment at column,
y-direction, column strip

Prestressing moment in span,
y-direction, column strip

Prestressing moment at column,
y-direction, middle strip

Prestressing moment in span,
y-direction, middle strip

Primary moment at column, x-direction,
column strip

Primary moment in span, x-direction,
column strip
Primary moment at column, x-direction,

middle strip

Primary moment in span, x-direction,
middle strip

Primary moment at column, y-direction,
column strip

Primary moment in span, y-direction,
column strip

Primary moment at column, y-direction,
middle strip

Primary moment in span, y-direction,
middle strip
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Characteristic hyperstatic moments:

=19.93.kN-m x-direction, column

MEk‘h.column.x.cstrip = Mp.column.x.cstrip B MO‘column.X.cstrip strip

x-direction, column

M =6.13-kN-m

MEk‘h.span.x.cstrip = Mp span.x.cstrip ~ MO.span.x.cstrip strip
MEk‘h.column.x.mstrip = Mp‘column.x.mstrip B MO‘column.X.mstrip = 19.93-kN-m )S(glrl;ectlon, middie

x-direction, middle

MEk‘h.span.x.mstrip = Mp.span.x.mstrip B MO.span.x.mstrip = 6.13-kN-m strip
MEk‘h.column.y.cstrip = Mp.column.y.cstrip B MO‘column.y.cstrip = 72.85kN-m )Slglrl;ectlon, column

y-direction, column

MEk‘h.Span.y.cstrip = Mp‘span.y.cstrip - MO.span.y.cstrip =25.06-kN-m strip

MEk‘h.column.y.mstrip = Mp‘column.y.mstrip B MO‘column.y.mstrip = 0-kN-m )Slglrl;ectlon, middie
) y-direction, middle

MEk‘h.span.y.mstrip = Mp.span.y.rnstrip B MO.span.y.rnstrip = 0-kN-m strip
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Design moments:

MEd.column.x.cstrip = ﬁfg’MEk.g.column.x.cstrip + 'Yq’MEk.q.column.x.cstrip - = —383.72-kN-m
+ Wp'MEk.h.column.X.cstrip
MEd.span.x.cstrip = 'Yg'MEk.g.span.x.cstrip + ﬁfq'MEk.q.span.x.cstrip ~ =292.63-kN-m
+ Wp'MEk.h.span.x.cstrip
MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq’MEk.q.column.x.mstrip + = ~153.06-kN-m
T MEk‘h.column.x.mstrip
MEd.span.x.mstrip = ﬁfg'MEk.g.span.x.mstrip + ﬁfq'MEk.q.span.x.mstrip ~ = 197.13-kN-m
+ ’Yp'MEk‘h.span.x.mstrip
MEd.column.y.cstrip = ﬁfg’MEk.g.column.y.cstrip + 'Yq’MEk.q.column.y.cstrip w = —241.83-kN-m
+ Wp'MEk.h.column.y.cstrip
MEd.span.y.cstrip = 'Yg‘MEk.g.span.y.cstrip + ﬁfq‘MEk.q.span.y.cstrip - = 198.98-kN-m
+ Wp'MEk.h.span.y.cstrip
MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip ~e = ~134.87-kN-m
T MEk‘h.column.y.mstrip
=115.94-kN-m

MEd.span.y.mstrip = ﬁfg'MEk.g.span.y.mstrip + ﬁfq'MEk.q.span.y.mstrip
T MEk‘h.span.y.mstrip
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Forces in tendons, x-direction,

3
Sp.x.cstrip = Nx.cstrip’(Pmt+ AO'p.ULS'Ap) = 116> 107-kN column strip

Forces in tendons, x-direction,

3
Sp.x.mstrip = Nx.mstrip'(Pmt+ AO'p.ULS'Ap) = 116> 107-kN middle strip

Forces in tendons, y-direction,

3
Sp.y.cstrip = Ny.cstrip'(Pmt + AO'p.ULS'Ap) =232x10"kN column strip

Forces in tendons, y-direction,

Sp.y.mstrip = Ny.mstrip'(Pmt + AO'p.ULS'Ap) = 0-kN middle strip
Effective slab thicknesses:
. dp.column' Sp.x.cstrip + dd.column.x'Sd.top.x.cstrip
deff.column.x.cstrip = S LS = 165.78-mm
p.x.cstrip * “d.top.x.cstrip
. dp.span’sp.x.cstrip + dd.span.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S LS = 172.65-mm
p-x.cstrip * ~d.btm.x.cstrip
. dp.column’sp.x.mstrip + dd.column.x‘Sd.top.x.mstrip
deff.column.x.mstrip = S LS = 160.87-mm
p.x.mstrip * “d.top.x.mstrip
. dp.span' Sp.x.mstrip + dd.span.x‘Sd.btm.x.mstrip
deffspan.x.mstrip = S LS = 172.65-mm
p.x.mstrip * “d.btm.x.mstrip
. dp.column' Sp.y.cstrip + dd.column.y'Sd.top.y.cstrip
deff.column.y.cs‘crip = S LS = 157.55-mm
p.y.cstrip * “d.top.y.cstrip
. dp.span'sp.y.cstrip + dd.span.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S LS = 167.71-mm
p.y.cstrip * “d.btm.y.cstrip
. dp.column’sp.y.mstrip + dd.column.y‘Sd.top.y.mstrip
deff.column.y.mstrip = S LS = 171-mm
p.y.mstrip * “d.top.y.mstrip
. dp.span' Sp.y.mstrip + dd.span.y'sd.btm.y.mstrip
deff.span.y.mstrip = S = 180-mm

p.y.mstrip + Sd.btm.y.mstrip
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o-factors:

Sp.x.cstrip + Sd.top.x.cstrip

a L= =0.18
column.x.cstrip
0.8-f4 3m: deff.column.x.cstrip
Sp.x.cstrip + Sd.btm.x.cstrip 0.16
a = =0.
span.x.cstrip P ]
0.8-f,4 3m deff.span.x.cstrlp
Sp.x.mstrip + Sd.top.x.mstrip 0.15
a = =0.
column.x.mstrip
0.8-f 4 3m- dcisz.column.x.mstrip
Sp.x.mstrip + Sd.btm.x.mstrip 0.16
a = =0.
SpARX-MSIP 0 g foq3m deff.span.x.mstrip
o o Sp.y.cstrip + Sd.top.y.cstrip 03
column.y.cstrip 0.8-f4 3m: deff.column.y.cstrip
Sp.y.cstrip + Sd.btm.y.cstrip 028
a L= =0.
Span.y.cstrip P ]
0.8-f,q 3m deff.span.y.cstrlp
o _ Sp.y.mstrip+ Sd.top.y.mstrip ~0.03
column.y.mstrip -
0.8-f4 6m deff.column.y.mstrip
S .+ S :
.y.mstri d.btm.y.mstri
p.y p M b _ 0.05

Q .=
Span.y.mstrip e ]
0.8 fed 6m deff.span.y.mstrlp
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Moment capacities:

MRd.column.x.cstrip = _0'8'0‘column.x.cstrip'(l - 04a

0.8 (1 - 040

MRd.span.X.cstrip = V-8 Qgpan x cstrip’

column.x.cstrip)

)-3m-d

span.x.cstrip

2

eff.column.x.cstrip 'fcd =—-285.84-

-3m-d

2
eff.span.x.cstrip feq = 270.64-kN-m

2
MRd.column.x.mstrip = _O'g'acolumn.x.mstrip'(l B 0'4'0‘column.x.mstrip)'3m' deffcolumn.x.mstrip fed = —228.
=0.8 1-04 3m-d 2f =270.64-k
MRd.span.x.mstrip R 'aspan.x.mstrip'( B 'aspan.x.mstrip)' M- Ceff span.x.mstrip “lcd = .64 kN-m
M =-0.8 1-04 3m-d 2 f.,=-426.72
Rd.column.y.cstrip *~ ~ - 'acolumn.y.cstrip'( - 'O‘column.y.cstrip)' M Ceff column.y.cstrip “led = ~F40- 74
M =0.8 1-04 3m-d 2f =422.92-kN
Rd.span.y.cstrip *~ ** 'O‘span.y.cstrip'( e 'aspan.y.cstrip)' M Ceff span.y.cstrip “ed = o kN-m
=-0.8 1-04 6m-d 2 f.;=-1034
MRd.column.y.mstrip T 'acolumn.y.mstrip'( - 'acolumn.y.mstrip)' MAeff column.y.mstrip “fed = ~1V°-
=0.8 1-04 6m-d 2f = 180.98-k
MRd.span.y.rnstrip R 'aspan.y.mstrip'( B 'aspan.y.mstrip)' M- Aeff span.y.mstrip “Tcd = 98-kN-m
X-direction Y-direction
Column strip Middle strip Column strip Middle strip
At column At span At column At span At column At span At column At span
MEd -383.7 292.6 -153.1 197.1 -241.8 199 -134.9 115.9
MRd -285.8 270.6 -228.2 270.6 -426.7 422.9 -103.4 181
Utilization 134 % 108 % 67 % 73 % 57 % 47 % 130 % 64 %
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Tendon layout D

Number of tendons in interior strip x-direction, column strip

Nx.cstrip =8
' Number of tendons in interior strip x-direction, middle strip
Nx.mstrip =4
_ Number of tendons in interior strip y-direction, column strip
Ny.cstrip =12
' Number of tendons in interior strip y-direction, middle strip
Ny.mstrip =0
N - -P_..8-h
qp X.Ctrip = x.cstrip  mt = 10,86.ﬂ Equivalent upward force from tendons,
span, m x-direction, column strip
N . -P_.-8-h
qp % mstrip = X.mstrip - mt = 5,43.k_N Equivalent upward force from tendons,
o span, m x-direction, middle strip
N . -P_..8-h
qp cstrip = y-cestrip  mt = 36,66.g Equivalent upward force from tendons,
Y span, m y-direction, column strip
N - P_-8h
qp mstrip = y-mstrip _mt = o.g Equivalent upward force from tendons,
Y m y-direction, middle strip

2
spany
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2
M column.x.cstrip = O'I'qp.x.cstrip'smnx = 87.99-kN-m

M -spanx2 =-70.4-kN-m

p.span.x.cstrip = _O'Og'qp.x.cstrip

2
Mp.column.x.mstrip = O'l'qp.x.mstrip‘SpanX = 44-kN-m

2
Mp.span.x.mstrip = _O'OS’qp.x.mstrip‘SPanx =-352:kN-m

Mp.column.y.cstrip =0. 125'qp.y.cstrip'Spany
Mp.span.y.cstrip = _0'0703'qp.y.cstrip’Spany

2
Mp.column.y.mstrip = O'lzs’qp.y.mstrip’SPany =0-kN-m

2
Mp.span.y.mstrip = _0'0703'qp.y.mstrip’SPany =0-kN-m

MO.column.x.cstrip = Nx.cstrip'Pmt‘ Cop = 61.42-kN-m
MO.span.x.cstrip = Nx.cstrip'Pmt‘_ebottom = —78.57-kN-m
MO.column.x.mstrip = Nx.mstrip'Pmt‘etop =30.71-kN-m
MO.span.x.mstrip = Nx.mstrip‘Pmt‘_ebottom = -39.28-kN-m
MO.column.y.cstrip = Ny.cstrip'Pmt‘ Cop = 92.14-kN-m
MO.span.y.cstrip = Ny.cstrip'Pmt‘_ebottom =-117.85-kN-m
MO.column.y.mstrip = Ny.mstrip’Pmt‘ Ctop = 0-kKN-m

N 0-kN-m

MO.span.y.mstrip = y.mstrip'Pmt'_ebottom =

2 164.99-kN-m

2 =-92.79-kN-m

Prestressing moment at column,
x-direction, column strip

Prestressing moment in span, x-direction,
column strip

Prestressing moment at column,
x-direction, middle strip

Prestressing moment in span, x-direction,
middle strip

Prestressing moment at column,
y-direction, column strip

Prestressing moment in span,
y-direction, column strip

Prestressing moment at column,
y-direction, middle strip

Prestressing moment in span,
y-direction, middle strip

Primary moment at column, x-direction,
column strip

Primary moment in span,
x-direction, column strip
Primary moment at column, x-direction,

middle strip

Primary moment in span, x-direction,
middle strip

Primary moment at column, y-direction,
column strip

Primary moment in span,
y-direction, column strip

Primary moment at column, y-direction,
middle strip

Primary moment in span, y-direction,
middle strip
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Characteristic hyperstatic moments:

MEk‘h.column.x.cstrip = Mp.column.x.cstrip - MO‘column.X.cstrip =26.57kN-m

M = 8.17-kN-m

MEk‘h.span.x.cstrip = Mp span.x.cstrip ~ MO.span.x.cstrip

MEk‘h.column.x.mstrip = Mp‘column.x.mstrip B MO‘column.X.mstrip = 13.28:kN-m

M =4.09-kN-m

MEk‘h.span.x.mstrip = Mp.span.x.mstrip ~ MO.span.x.mstrip

MEk‘h.column.y.cstrip = Mp.column.y.cstrip B MO‘column.y.cstrip = 72.85kN-m

M =25.06-kN-m

MEk‘h.span.y.cstrip = Mp span.y.cstrip ~ MO.span.y.cstrip

M = 0-kN-m

MEk‘h.column.y.mstrip = Mp.column.y.mstrip ~ MO‘column.y.mstrip

M = 0-kN-m

MEk‘h.span.y.mstrip = Mp.span.y.mstrip ~ MO.span.y.rnstrip

x-direction, column
strip

x-direction, column
strip

x-direction, middle
strip

x-direction, middle
strip

y-direction, column
strip

y-direction, column

strip

y-direction, middle

strip

y-direction, middle
strip
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Design moments:

MEd.column.x.cstrip = 'Yg'MEk‘g.column.x.cstrip + 'Yq'MEk.q.column.x.cstrip « = =377.08-kN-m
+ 'Yp'MEk.h.column.x.cstrip
MEd.span.X.cstrip = Wg'MEk.g.span.x.cstrip + ’Yq'MEk‘q.Span.x.cstrip = 294.67-kN-m
+ 'Yp'MEk.h.span.x.cstrip
MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq'MEk.q.column.x.mstrip +e = ~159.71-kN-m
+ ﬁfp’MEk.h.column.x.mstrip
MEd.span.X.mstrip = ’Yg'MEk‘g.span.x.mstrip + ’Yq'MEk‘q.span.x.mstrip - = 195.08-kN-m
+ ﬁfp'MEk.h.span.x.mstrip
MEd.column.y.cstrip = 'Yg'MEk‘g.column.y.cstrip + 'Yq'MEk.q.column.y.cstrip « = —241.83-kN'm
+ 'Yp'MEk.h.column.y.cstrip
MEd.span.y.cstrip = Wg'MEk.g.span.y.cstrip + ’Yq'MEk‘q.span.y.cstrip - = 198.98-kN-m
+ 'Yp'MEk.h.span.y.cstrip
MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip ~ = ~134.87-kN'm
+ ﬁfp’MEk.h.column.y.mstrip
=115.94-kN-m

MEd.span.y.mstrip = ’Yg'MEk‘g.span.y.mstrip + ’Yq'MEk‘q.span.y.mstrip
+ ﬁfp'MEk.h.span.y.mstrip




Bending moment
capacities due to a column

strip/middle strip approach Appendix M 31/47

_ 3 Forces in tendons, x-direction,
Sp.x.cstrip = Nx.cstrip’(Pmt+ AO'p.ULS'Ap) =1.55x10"-kN column strip

' Forces in tendons, x-direction,
Sp.x.mstrip = Nx.mstrip'(Pmt+ AO'p.ULS'Ap) = 774.24-kN middle strip

. 3 Forces in tendons, y-direction,
Sp.y.cstrip = Ny.cstrip'(Pmt + AO'p.ULS'Ap) =232x10"kN column strip

Forces in tendons, y-direction,

Sp.y.mstrip = Ny.mstrip'(Pmt + AO'p.ULS'Ap) = 0-kN middle strip
Effective slab thicknesses:
] dp.column' Sp.x.cstrip + dd.colurnn.x'Sd.top.x.cstrip
deff.column.x.cstrip = S LS = 163.58-mm
p.x.cstrip * “d.top.x.cstrip
) dp.span'SpAX.cstrip + ddlspan.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S S =171.21-mm
p.x.cstrip+ d.btm.x.cstrip
) dpAcolumn'SpAX.mstrip + dd.colurnn.x'Sd.top.x.rnstrip
deff.column.x.mstrip = S S = 163.58-mm
p.x.mstrip+ d.top.x.mstrip
] dplspan' Sp.x.mstrip + ddAspan.x'Sd.btm.x.mstrip
deff.span.x.mstrip = S S = 174.95-mm
pAX.mstrip"' d.btm.x.mstrip
] dp.column' Sp.y.cstrip + dd.colurnn.y'Sd.top.y.cstrip
deff.column.y.cs‘crip = S LS = 157.55-mm
p.y.cstrip * “d.top.y.cstrip
) dp.span'sply.cstrip + ddAspan.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S LS =167.71-mm
p.y.cstrip * “d.btm.y.cstrip
) dplcolumn'SpAy.mstrip + ddAcolumn.y'Sd.top.y.mstrip
deff.column.y.mstrip = S LS = 171-mm
p.y.mstrip " ®d.top.y.mstrip
] dplspan' Sp.y.mstrip + dd.span.y'SdAbtm.yAmstrip
deff.span.y.mstrip = S = 180-mm

p.y.mstrip + Sd.btm.y.mstrip
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o-factors:

Sp.x.cstrip + Sd.top.x.cstrip

Qa = =0.22
column.x.cstrip ™ g. foq 3m deff.column.x.cstrip
o _ Sp.x.cstrip + Sd.btm.x.cstrip _ 02
span.x.cstrip ~ n e 2. -
038 fed 3m defflspan.x.cstrip
Sp.x.mstrip + Sd.top.x.mstrip 011
a = =0.
column.xmstrip ™ g foq 3m- defflcolumn.x.mstrip
Sp.x.mstrip + Sd.btm.x.mstrip 0.12
a L= =0.
SpANXMSIP 0.8, foq 3m- deff.span.x.mstrip
o o Sp.y.cstrip + Sd.top.y.cstrip 032
column.y.cstrip ™0 . foq 3m- deff.column.y.cstrip
Sp.y.cstrip + Sd.btm.y.cstrip 028
o .= =
span.y.cstrip e :
038 fed 3m deffspan.y.cstrip
o _ Sp.y.mstrip + Sd.top.y.mstrip - 0.03
column.y.mstrip "~ -
0.8-foq 6m: defflcolumn.y.mstrip
S .+ S :
.y.mstri d.btm.y.mstri
_ by p M P _ 0.05

a L=
span.y.mstrip P
08 fed 6m deffspan.y.mstrip
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Moment capacities:
2
MRd.column.x.cstrip = _0'8'0‘column.x.cstrip'(l - 0'4'0‘column.x.cstrip)'3m' deff.column.x.cstrip foq = —334.68-

0.8 (1 -04-a

MRd.span.X.cstrip = V-8 Qgpan x cstrip’

MRd.column.x.mstrip = _O'g'o‘column.x.mstrip'(l - 0.4

)-3m-d

span.x.cstrip

column.x.mstrip

2

eff.span.x.cstrip feq=325.07-kN-m

2

)-3m- deffcolumn.x.mstrip g =175

2
MRd.span.x.mstrip = 0'8'O‘span.x.mstrip'(l B 0'4'0‘span.x.mstrip)'3m' deff.span.x.mstrip fed = 214.26-kN-m
M =-0.8 1-04 3m-d 2 f,;=-426.72
Rd.column.y.cstrip *~ ~ - 'acolumn.y.cstrip'( - 'O‘column.y.cstrip)' M Ceff column.y.cstrip “led = ~F40- 74
M =0.8 1-04 3m-d 2f =422.92-kN
Rd.span.y.cstrip "~ - 'O‘span.y.cstrip'( B 'aspan.y.cstrip)' M- Geff span.y.cstrip “‘cd = o kN-m
=-0.8 1-04 6m-d 2 f.;=-1034
MRd.column.y.mstrip T 'acolumn.y.mstrip'( R 'acolumn.y.mstrip)' M- Qeff. column.y.mstrip “Ted = ~1Y2-
=0.8 1-04 6m-d 2f = 180.98-k
MRd.span.y.rnstrip R 'aspan.y.mstrip'( B 'aspan.y.mstrip)' M- Aeff span.y.mstrip “Tcd = 98-kN-m
X-direction Y-direction
Column strip Middle strip Column strip Middle strip
At column At span At column At span At column At span At column At span
MEd -377.1 294.7 -159.7 195.1 -241.8 199 -134.9 115.9
MRd -334.7 325.1 -175.6 214.3 -426.7 422.9 -103.4 181
Utilization 113 % 91 % 91% 91 % 57 % 47 % 130% 64 %
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Tendon layout E

NX.cstrip =8
Nx.mstrip =4
Ny.cstrip =8
Ny.mstrip =4
) Nx.cstrip'Prnt'S'h
9p.x.cstrip =
span
) Nx.mstrip'Prnt'S'h
9p x.mstrip =
span,
) Ny.cstrip'Prnt'S'h
9p.y.cstrip = 5
spany
) Ny.mstrip'Pmt'g'h
Ap.y.mstrip =

2
spany,

Number of tendons in interior strip x-direction, column strip

Number of tendons in interior strip x-direction, middle strip

Number of tendons in interior strip y-direction, column strip

Number of tendons in interior strip y-direction, middle strip

kN

=10.86-— Equivalent upward force from tendons,
m x-direction, column strip
kN )
=543 — Equivalent upward force from tendons,
m x-direction, middle strip
kN )
=24.44.— Equivalent upward force from tendons,
m y-direction, column strip
kN )
=1222.— Equivalent upward force from tendons,
m y-direction, middle strip
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2
M column.x.cstrip = O'I'qp.x.cstrip'smnx = 87.99-kN-m

M -spanx2 =-70.4-kN-m

p.span.x.cstrip = _O'Og'qp.x.cstrip

2
Mp.column.x.mstrip = O'l'qp.x.mstrip‘SpanX = 44-kN-m

2
Mp.span.x.mstrip = _O'OS’qp.x.mstrip‘SPanx =-352:kN-m

2
Mp.column.y.cstrip = 0'125‘(1p.y.cstrip'5pany = 109.99-kN-m

2
Mp, span.y.estrip = ~0-0703-0p ¢ cgprip spany, - = ~61.86-kN-m

2
My, column.y.mstrip = O'lzs’qp.y.mstrip’SPany =55kN-m

2
Mp.span.y.mstrip = _0'0703’qp.y.mstrip’Spany =-30.93-kN-m

MO.column.x.cstrip = Nx.cstrip'Pmt‘ Cop = 61.42-kN-m
MO.span.x.cstrip = Nx.cstrip'Pmt‘_ebottom = —78.57-kN-m
MO.column.x.mstrip = Nx.mstrip'Pmt‘etop =30.71-kN-m
MO.span.x.mstrip = Nx.mstrip‘Pmt‘_ebottom = -39.28-kN-m
MO.column.y.cstrip = Ny.cstrip'Pmt‘ Cop = 61.42-kN-m
MO.span.y.cstrip = Ny.cstrip'Pmt‘_ebottom = —78.57-kN-m
MO.column.y.mstrip = Ny.mstrip’Pmt‘ Ctop = 30.71-kN-m

N ~39.28-kN-m

MO.span.y.mstrip = y.mstrip'Pmt'_ebottom =

Prestressing moment at column,
x-direction, column strip

Prestressing moment in span,
x-direction, column strip

Prestressing moment at column,
x-direction, middle strip

Prestressing moment in span,
x-direction, middle strip

Prestressing moment at column,
y-direction, column strip

Prestressing moment in span,
y-direction, column strip

Prestressing moment at column,
y-direction, middle strip

Prestressing moment in span,
y-direction, middle strip

Primary moment at column, x-direction,
column strip

Primary moment in span,
x-direction, column strip

Primary moment at column, x-direction,
middle strip

Primary moment in span, x-direction,
middle strip

Primary moment at column, y-direction,
column strip

Primary moment in span,
y-direction, column strip

Primary moment at column, y-direction,
middle strip

Primary moment in span, y-direction,
middle strip
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Characteristic hyperstatic moments:

MEk.h.column.x.cstrip = Mp.column.x.cstrip - MO.column.x.cstrip =26.57-kN-m
MEk.h.span.x.cstrip = Mp.span.x.cstrip - MO.span.x.cstrip = 8.17-kN-m
MEk.h.column.x.mstrip = Mp.column.x.mstrip - MO.column.x.mstrip = 13.28 kN-m
MEk.h.span.x.mstrip = Mp.span.x.mstrip - MO.span.x.mstrip = 4.09-kN-m
MEk.h.column.y.cstrip = Mp.column.y.cstrip - MO.column.y.cstrip = 48.57-kN-m
MEk.h.span.y.cstrip = Mp.span.y.cstrip - MO.span.y.cstrip = 16.71'-kN-m
MEk.h.column.y.mstrip = Mp.column.y.mstrip - MO.column.y.mstrip = 24.28'kN-m
= 8.35-'kN'm

MEk.h.span.y.mstrip = Mp.span.y.mstrip - MO.span.y.mstrip

x-direction, column
strip

x-direction, column
strip

x-direction, middle
strip

x-direction, middle
strip

y-direction, column
strip

y-direction, column

strip

y-direction, middle

strip

y-direction, middle
strip




Bending moment
capacities due to a column

strip/middle strip approach Appendlx M 37147
Design moments:
MEd.column.x.cstrip = 'Yg'MEk‘g.column.x.cstrip + 'Yq'MEk.q.column.x.cstrip « = =377.08-kN-m
+ 'Yp'MEk.h.column.x.cstrip
MEd.span.X.cstrip = Wg'MEk.g.span.x.cstrip + ’Yq'MEk‘q.Span.x.cstrip = 294.67-kN-m
+ 'Yp'MEk.h.span.x.cstrip
MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq'MEk.q.column.x.mstrip +e = ~159.71-kN-m
+ ﬁfp’MEk.h.column.x.mstrip
MEd.span.X.mstrip = ’Yg'MEk‘g.span.x.mstrip + ’Yq'MEk‘q.span.x.mstrip - = 195.08-kN-m
+ ﬁfp'MEk.h.span.x.mstrip
MEd.column.y.cstrip = 'Yg'MEk‘g.column.y.cstrip + 'Yq'MEk.q.column.y.cstrip «e = =266.12-kN-m
+ 'Yp'MEk.h.column.y.cstrip
MEd.span.y.cstrip = Wg'MEk.g.span.y.cstrip + ’Yq'MEk‘q.span.y.cstrip = 190.62-kN-m
+ 'Yp'MEk.h.span.y.cstrip
MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip +. = ~110.58-kN-m
+ ﬁfp’MEk.h.column.y.mstrip
=124.3-kN-m

MEd.span.y.mstrip = ’Yg'MEk‘g.span.y.mstrip + ’Yq'MEk‘q.span.y.mstrip
+ ﬁfp'MEk.h.span.y.mstrip
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) 3 Forces in tendons, x-direction,
SpAX.cstrip = Nx.cstrip'(Pmt + AO-pAULS'Ap) = 1.55x 107-kN column strip

) Forces in tendons, x-direction,
SpAX.mstrip = Nx.mstrip'(Pmt + AO-pAULS'Ap) = 774.24-kN middle strip

. 3 Forces in tendons, y-direction,
SpAy.cstrip = Ny.cstrip'(Pmt + AO-pAULS'Ap) = 1.55x107-kN column strip

Forces in tendons, y-direction,

SpAy.mstrip = Ny.rnstrip'(Prnt + AO-p.ULS'A'p) =774.24-kN middle strip
Effective slab thicknesses:
) dp.column' Sp.x.cstrip + dd.colurnn.x'Sd.top.x.cstrip
deff.column.x.cstrip = S +S = 163.58-mm
p-x.cstrip * “d.top.x.cstrip
) dp.span'SpAX.cstrip + ddlspan.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S +s = 171.21-mm
p-x.cstrip " “d.btm.x.cstrip
) dpAcolumn'SpAX.mstrip + dd.colurnn.x'Sd.top.x.rnstrip
deff.column.x.mstrip = S +S = 163.58-mm
p-x.mstrip * “d.top.X.mstrip
) dplspan' Sp.x.mstrip + ddAspan.x'Sd.btm.x.mstrip
deff.span.x.mstrip = S +s = 174.95-mm
p.x.mstrip " " d.btm.x.mstrip
) dp.column' Sp.y.cstrip + dd.colurnn.y'Sd.top.y.cstrip
deff.column.y.cstrip = S +S = 159.06-mm
p.y.cstrip * “d.top.y.cstrip
) dp.span'sply.cstrip + ddAspan.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S +s = 168.73-mm
p.y.cstrip " ®d.btm.y.cstrip
) dplcolumn'SpAy.mstrip + ddAcolumn.y'Sd.top.y.mstrip
deff.column.y.mstrip = S = 160.95-mm

p.y.mstrip + Sd.top.y.ms‘rrip
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d _ dp.span' Sp.y.mstrip + dd.span.y'sd.btm.y.mstrip
eff.span.y.mstrip "~
SpAy.mstrip + Sd.btm.y.mstrip
o-factors:
Sp.x.cstrip + Sd.top.x.cstrip 022
Qa = =
column.x.cstrip - :
0.8-foq3m: deff.column.x.cstrip
o _ Sp.x.cstrip + Sd.btm.x.cstrip _ 02
span.x.cstrip ~ n e 2. -
038 fed 3m defflspan.x.cstrip
Sp.x.mstrip + Sd.top.x.mstrip 011
a = =0.
column.xmstrip ™ foq 3m- defflcolumn.x.mstrip
Sp.x.mstrip + Sd.btm.x.mstrip 0.12
a L= =0.
SpANXMSIP 0.8, foq 3m- deff.span.x.mstrip
o _ Sp.y.cstrip + Sd.top.y.cstrip 004
column.y.cstrip -
0.8-foq-3m: deff.column.y.cstrip
o o Sp.y.cstrip + Sd.btm.y.cstrip _ 02
span.y.cstrip e -
038 fed 3m deffspan.y.cstrip
o _ Sp.y.mstrip + Sd.top.y.mstrip 007
column.y.mstrip "~ -
0.8-foq 6m: defflcolumn.y.mstrip
S .+ S :
.y.mstri d.btm.y.mstri
_ by p M P _ 0.08

Cspan.y.mstrip = 0.8-f d-6m~d

c eff.span.y.mstrip

= 173.54-mm
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Moment capacities:

2

-0.8a eff.column.x.cstrip

1-04a 3med fog = —334.68-

MRd.column.x.cstrip = column.x.cstrip'( column.x.cstrip)

2

0.8 eff.span.x.cstrip feq=325.07-kN-m

'aspan.x.cstrip'(l -04a )-3m-d

MRd.span.X.cstrip = span.x.cstrip

2 ‘
MRd.column.x.mstrip = _O'g'o‘column.x.mstrip'(l B 0'4'0‘column.x.mstrip)'3m' deffcolumn.x.mstrip fed = -175.
=0.8 1-04 3m-d 2 =214.26k
MRd.span.x.mstrip R 'aspan.x.mstrip'( B 'aspan.x.mstrip)' M- Ceff span.x.mstrip fed = .26-kN-m
=-0.8 1-04 3m-d 2 f,;=-335.82
MRd.column.y.cstrip - 'acolumn.y.cstrip'( - 'O‘column.y.cstrip)' M Ceff column.y.cstrip “led = 7222-04°
=0.8 1-04 3m-d 2f =319.95k
MRd.span.y.cstrip U 'O‘span.y.cstrip'( - 'aspan.y.cstrip)' M- Geff span.y.cstrip “‘cd = 99-kN-m
=-0.8 1-04 6m-d 2 =-216.8
MRd.column.y.mstrip T 'acolumn.y.mstrip'( R 'acolumn.y.mstrip)' I Qeff. column.y. mstrip feq = —216.
=0.8 1-04 6 2 =301.58
MRd.span.y.rnstrip R 'aspan.y.mstrip'( B 'aspan.y.mstrip)' m deff.span.y.rnstrip fed = 58-kN-m
X-direction Y-direction
Column strip Middle strip Column strip Middle strip
At column At span At column At span At column At span At column At span
MEd -377.1 294.7 -159.7 195.1 -266.1 190.6 -110.6 124.3
MRd -334.7 325.1 -175.6 214.3 -335.8 320 -216.8 301.6

Utilization 113 % 91% 91% 91% 79% 60 % 51% 41%




Bending moment

capacities due

strip/middle strip approach

to a column

Appendix M

41/47

Tendon layout F

Number of tendons in interior strip x-direction, column strip

NX.cstrip =0
) Number of tendons in interior strip x-direction, middle strip
Nx.mstrip =0
) Number of tendons in interior strip y-direction, column strip
Ny.cstrip =0
) Number of tendons in interior strip y-direction, middle strip
Ny.mstrip =0
N . .P_.-8h
.cst t kN .
dp x.cstrip = Xosip W =0— Equivalent upward force from tendons,
span. m x-direction, column strip
N . -P_.8-h
.mst t kN .
U x mstrip = Xmswp  m =0— Equivalent upward force from tendons,
- span_ m x-direction, middle strip
N . -P_.-8-h
.cst t kN .
Ap.y.cstrip = y-oorp =0— Equivalent upward force from tendons,
y. > s :
span, m y-direction, column strip
N - -P_-8h
.mst t kN .
.y mstrip = y.mstip =0— Equivalent upward force from tendons,
o m y-direction, middle strip

2
spany,
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-spanxz = 0-kN-m Prestressing moment at column,

M . =0.1q :
.column.x.cst X.cst
p-eottm.£estp p-X-csHp x-direction, column strip

M -spanx2 = 0-kN-m Prestressing moment in span,

. =-0.08.q :
. .X.CSt] .X.Cst]
P-span.x.estip p-X-csHp x-direction, column strip

-spanxz = 0-kN-m Prestressing moment at column,

M =01 :
.column.x.mstrip =~ V1" 9p.x.mst
A p-%-mstip x-direction, middle strip

-spanx2 = 0-kN-m Prestressing moment in span,

M . =-0.08q :
. X.mst X.mst
P-span.x.mstip p-%-mstip x-direction, middle strip

~spany2 = 0-kN-m Prestressing moment at column,

M . :=0.125-q :
.column.y.cst .y.cst
p-eottimiLy-¢stip p-y-SHIp y-direction, column strip

2 . .
—0.0703-qp.y.cstripspany = 0-kN-m Prestressing moment in span,

M .=
.span.y.cst
P-span.y-estip y-direction, column strip

2 = 0-kN-m Prestressing moment at column,

M . :=0.125-q . -span
.col .y.mst .y.mst
p-eoTtmiy st p-y-mstip Y y-direction, middle strip

2 . .
—0.0703~qp.y.mstrip~spany = 0-kN-m Prestressing moment in span,

M =
.Span.y.mstrip -
P-Span.y-mstip y-direction, middle strip

MO.column.x.cstrip = Nx.cstrip'Pmt’ Ctop = 0-kN-m Primary mqment at column, x-direction,
column strip
= 0-kN-m Primary moment in span,

M - =N - 2P —g
0.span.x.cstri X.cstri mt~ “bottom
P P P x-direction, column strip

MO.column.x.mstrip = Nx.msmp-me Siop = 0-kKN-m quaw mpment at column, x-direction,
middle strip
MO.span.x.mstrip = Nx.mstrip‘Pmt‘_ebottom = 0-kN-m Pr!mary moment in span, x-direction,
middle strip
MO.column.y. cstrip = Ny.cstrip'Pmt’ etop = 0-kN-m Primary mgment at column, y-direction,
column strip
N 0-kN-m Primary moment in span,

MO.span.y.cstrip = y.cstrip'Pmt'_ebottom =

y-direction, column strip
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MO.column.y.mstrip = Ny.mstrip'Pmt' Ctop = 0-kN-m Pr!mary moment at column, y-direction,
middle strip
M . =N . .P_.—e =0-kKN-m Primary moment in span, y-direction,
0. .y.mst .mst t~ “bott
span.y.mstrip y.mstrip © m ottom middle strip
Characteristic hyperstatic moments:
MEk.h.column.x.cstrip = Mp.column.x.cstrip - MO.column.x.cstrip = 0-kN-m )S(-tilrl;ectlon, column
x-direction, column
0-kN-m

MEk.h.span.x.cstrip = Mp.span.x.cstrip - MO.span.x.cstrip =

MEk.h.column.x.mstrip = Mp.column.x.mstrip - MO.column.x.mstrip = 0-kN-m

MEk.h.span.x.mstrip = Mp.span.x.mstrip - MO.span.x.mstrip = 0-kN-m

MEk.h.column.y.cstrip = Mp.column.y.cstrip - MO.column.y.cstrip = 0-kN-m

MEk.h.span.y.cstrip = Mp.span.y.cstrip - MO.span.y.cstrip = 0-kN-m

MEk.h.column.y.mstrip = Mp.column.y.mstrip - MO.column.y.mstrip = 0-kN-m

MEk.h.span.y.mstrip = Mp.span.y.mstrip - MO.span.y.mstrip = 0-kN-m

strip

x-direction, middle
strip

x-direction, middle
strip

y-direction, column
strip

y-direction, column

strip

y-direction, middl

strip

y-direction, middl
strip
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Design moments:

MEd.column.x.cstrip = ﬁfg’MEk.g.column.x.cstrip + 'Yq’MEk.q.column.x.cstrip « = —403.65-kN-m
+ Wp'MEk.h.column.X.cstrip

MEd.span.x.cstrip = 'Yg'MEk.g.span.x.cstrip * ﬁ{q'MEk.q.span.x.cstrip e =286.5KN-m
+ Wp'MEk.h.span.x.cstrip

MEd.column.x.mstrip = 'Yg'MEk.g.column.x.mstrip + 'Yq’MEk.q.column.x.mstrip s = =172.99-kN-m
T MEk‘h.column.x.mstrip

MEd.span.x.mstrip = ﬁfg'MEk.g.span.x.mstrip + ﬁfq'MEk.q.span.x.mstrip - = 191-kN-m
+ ’Yp'MEk‘h.span.x.mstrip
MEd.column.y.cstrip = ﬁfg’MEk.g.column.y.cstrip + 'Yq’MEk.q.column.y.cstrip w = =314.69-kN-m

+ Wp'MEk.h.column.y.cstrip

MEd.span.y.cstrip = 'Yg‘MEk.g.span.y.cstrip + ﬁfq‘MEk.q.span.y.cstrip w = 173.92-kN-m
+ Wp'MEk.h.span.y.cstrip

MEd.column.y.mstrip = 'Yg'MEk.g.column.y.mstrip + 'Yq'MEk.q.column.y.mstrip ~e = ~134.87-kN-m
T MEk‘h.column.y.mstrip

MEd.span.y.mstrip = ﬁfg'MEk.g.span.y.mstrip + ﬁfq'MEk.q.span.y.mstrip ~ = 115.94-kN-m
T MEk‘h.span.y.mstrip
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Sp‘x.cstrip = NX.Cstrip'(Pmt+ Ao-p‘ULS'Ap) = 0-kN
Sp‘X.mstrip = Nx.mstrip'(Pmt+ Ao-p‘ULS'Ap) = 0-kN
Sp.y.cstrip = Ny.cstrip'(Pmt+ Ao-p‘ULS'Ap) = 0-kN

Sp‘y.mstrip = Ny.mstrip'(Pmt + AGp.ULS'Ap) = 0-kN

Forces in tendons, x-direction,
column strip

Forces in tendons, x-direction,
middle strip

Forces in tendons, y-direction,
column strip

Forces in tendons, y-direction,
middle strip

Effective slab thicknesses:
) dp.column' Sp.x.cstrip + dd.column.x'Sd.top.x.cstrip
deff.column.x.cstrip = S S = 187-mm
p.x.cstrip+ d.top.x.cstrip
) dp.span’sp.x.cstrip + dd.span.x'Sd.btm.x.cstrip
deff.span.x.cstrip = S S = 190-mm
p.x.cstrip T Od.btm.x.cstrip
) dp.column’sp.x.mstrip + dd.column.x‘Sd.top.x.mstrip
deff.column.x.mstrip = S S = 187-mm
p.x.mstrip+ d.top.x.mstrip
) dp.span' Sp.x.mstrip + dd.span.x‘Sd.btm.x.mstrip
deff.span.x.mstrip = S S = 190-mm
p.x.mstrip T ©d.btm.x.mstrip
) dp.column' Sp.y.cstrip + dd.column.y'Sd.top.y.cstrip
deff.column.y.cstrip = S +s = 171-mm
p.y.cstrip © “d.top.y.cstrip
) dp.span'sp.y.cstrip + dd.span.y'Sd.btm.y.cstrip
deff.span.y.cstrip = S = 180-mm

p.y.cstrip © Sd.btm.y.cstrip
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d dp.column’sp.y.mstrip + dd.column.y‘Sd.top.y.mstrip 171
.= = ‘mm
eff.column.y.mstrip S . +S ]
p.y.mstrip d.top.y.mstrip
dp.span' Sp.y.mstrip + dd.span.y’ Sd.btm.y.mstrip
deff.span.y.mstrip = S +s = 180-mm
p.y.mstrip * ®d.btm.y.mstrip
o-factors:
Sp.x.cstrip + Sd.top.x.cstrip
Qcolumn.x.cstrip = = 0.06
o 0.8-f,4 3m: deff.column.x.cstrip
Sp.x.cstrip + Sd.btm.x.cstrip
Qspan.x.cstrip = =0.04
pan . esHip 0.8-foq-3m: defflspan.x.cstrip
Sp.x.mstrip + Sd.top.x.mstrip 0.03
a L= =0.
column.xmstrip ™ foq 3m- defflcolumn.x.mstrip
Sp.x.mstrip + Sd.btm.x.mstrip
Ospan.x.mstrip = =0.04
pan-x P 0.8-foq 3m: deff.span.x.mstrip
_ Sp.y.cstrip + Sd.top.y.cstrip _
Qcolumn.y.cstrip = =0.08
- 0.8-foq-3m: deff.column.y.cstrip
Sp.y.cstrip + Sd.btm.y.cstrip 0.05
Qa = =0.
SPAY-CSIP T 0.8, foq 3m-degy span.y.cstrip
o o Sp.y.mstrip + Sd.top.y.mstrip - 0.03
columny-mstrip ™ g. foq Om- defflcolumn.y.mstrip
S .+ S :
.y.mstri d.btm.y.mstri
p.y p Yy p_ 0.05

Qspan.y.mstrip = 0.8, 6md

c eff.span.y.mstrip
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Moment capacities:

2

-0.8a eff.column.x.cstrip

1-04a 3med fog = ~127.59-

MRd.column.x.cstrip = column.x.cstrip'( column.x.cstrip)

2

=08a eff.span.x.cstrip feqg = 95.61-kN-m

(1 -04-a )-3m-d

MRd.span.X.cstrip span.x.cstrip’ span.x.cstrip

2
eff.column.x.mstrip

~0.8-ax 1= 040ty x mstrip) - 3md f g =—64.5

MRd.column.x.mstrip = column.x.mstrip (

2
MRd.span.x.mstrip = 0'8'O‘span.x.mstrip'(l B 0'4'0‘span.x.mstrip)'3m' deff.span.x.mstrip fed = 95.61-kN-m
=-0.8 1-04 3m-d 2f =-130.5k
MRd.column.y.cstrip - 'acolumn.y.cstrip'( - 'O‘column.y.cstrip)' M Ceff column.y.cstrip “led =~V J
=0.8 1-04 3m-d 2f =90.49-k
MRd.span.y.cstrip U 'O‘span.y.cstrip'( - 'aspan.y.cstrip)' M- Geff span.y.cstrip “Tcd = 7V N-m
=-0.8 1-04 6m-d 2 =-1034
MRd.column.y.mstrip T 'acolumn.y.mstrip'( R 'acolumn.y.mstrip)' I Qeff. column.y. mstrip feq = —103.
2
MRd.span.y.rnstrip = 0'8'0‘span.y.mstrip'(l B 0'4'0‘span.y.mstrip)'6m' deff.span.y.rnstrip fed = 180.98-kN-m
X-direction Y-direction
Column strip Middle strip Column strip Middle strip
At column At span At column At span At column At span At column At span
MEd -403.7 286.5 -173 191 -314.7 173.9 -134.9 115.9
MRd -127.6 95.6 -64.6 95.6 -130.5 90.5 -103.4 181

Utilization 316 % 300 % 268 % 200 % 241% 192 % 130% 64 %




