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Résumé

Le projet de fin d’études concerne le calcul détaillé du ferraillage des dalles en béton armé du
batiment «Saint Cross College» qui est actuellement congu par Pell Frischmann. Les dalles
sont généralement plates et directement soutenues par des poteaux. Le batiment est d'abord
modélisé¢ en éléments finis sur le logiciel Scia Engineer 2014. Cette analyse est ensuite
utilisée pour calculer le ferraillage des dalles. Un domaine qui est traditionnellement d'une
attention particuliére est l'intersection entre les poteaux et une dalle plate, car la zone
d'interface est généralement soumise a des contraintes élevées sur une petite section /
périmétre. Cela peut conduire a une rupture par poingonnement, qui est de nature fragile, sans
avertissement et presque immédiate. Dans ce rapport, les différentes méthodes pour
augmenter la capacité des dalles contre le poingonnement sont évaluées et comparées. Enfin,
une méthode innovante qui concerne l'utilisation des FRP (Fiber-reinforced polymers) collés

comme matériau de renforcement est présentée.

Mots-clés : béton armé, ferraillage des dalles, poingonnement, éléments finis, FRP collés
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Abstract

The thesis concerns the detailed calculation of the slab reinforcement of the building «Saint
Cross College» which is currently being designed by Pell Frischmann. The slabs are generally
flat and directly supported on columns. The building is firstly modelled in the FE software
Scia Engineer 2014.The output of the analysis is then used for calculating the required
reinforcement of the slabs. One area that is traditionally of particular attention is the
intersection between columns and a flat slab, as the interface area is usually subject to high
stresses on a small section/perimeter. This can lead to a punching shear failure, which is of
brittle nature, without warnings and almost immediate. In this thesis, the different methods to
increase the punching shear capacity of RC flat slabs are evaluated and compared. Finally, an
innovative method which concerns the use of fiber-reinforced polymers as a strengthening

material is presented.

Keywords: reinforced concrete, flat slabs, punching shear, fiber-reinforced polymers, finite

elements
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Presentation of Pell Frischmann

Pell Frischmann dates back to 1926 when the late Cecil Pell founded C J Pell and Partners. At
the time the company concentrated mainly on building structures. Since the 1970’s the
company has grown and diversified considerably and is now the largest privately owned civil
engineering consultancy in the United Kingdom, with 7 UK and many overseas offices. The

main office is situated in London and specialises in the sector of Building Structures.

Pell Frischmann specialises in the following sectors: Airports, Bridges, Building Services,
Building Structures, Environment and Process Technology, Fire Engineering, Highways,
Land Development and Regeneration, Power, Solid Waste, Sustainability, Traffic and
Transportation, Water and Wastewater. The company is well-known for numerous
challenging and complex projects such as the Kingsgate House in London, the New Street
Square in London and the Forth Rail Bridge in Edinburgh. Pell Frischmann is recognised by
the professional bodies and Institutions for its excellence through innovation. The company’s
projects and staff have been commended for achievements in a variety of sectors and have

received a number of awards over the last few years.

Figure 1, Forth Rail Bridge in Edinburgh
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1. Introduction

1.1. Flatslabs

Reinforced concrete slabs are used in many types of structures. They can be divided into slabs
that transmit their loads on columns via beams and slabs that are directly supported on
columns without the use of any beam (flat slabs). In order to facilitate the transfer of forces
from the flat slab to the column and decrease the local stresses applied to the slab, column
heads or drop panels can also be used. However, the slabs can have the form of flat plates and

be directly supported on the columns without the use of any other mean.

LB

a) Concrete slab, supported on b) Flat slab concrete slab ¢) Flat plate concrete slab

beams

Figure 2, Different types of slabs and supports

Figure 3, Flat plate concrete slab
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Because of their simplicity, flat plates are widely used in parking garages, offices as well as
apartment buildings. This strategy optimises the height and the interior space of the building,
as the extra thicknesses of the beams, column heads or drop panels are excluded. In addition,
flat plates require simple formwork and reduce the construction time needed. These economic

and architectural advantages make flat plates a very desirable structural system.

Conventicnal

Figure 4, Optimisation of the height of the building using flat slabs

Supporting a slab directly on a column can lead to a punching shear failure, as the slab may

not be able to support locally the axial force of the column. The punching shear failure is

of brittle nature, without warnings and almost immediate. In this case, an accurate analysis of
the loads acting on the intersections between columns and the slab must be made. The

punching shear is characterised by a truncated cone or pyramid failure.

Colurmn — A

Failure surface

. Vo[V .
1 N S . :

Figure 5, Punching shear failure surface
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One of the most notorious structural failures due to punching shear is the collapse of

Sampoong department store in South Korea in 1995 in the space of 20 seconds. More than

502 people were killed and nearly 1000 were injured.

-

-
-
-

-

-

Figure 6, Collapse of Sampoong Department Store due to punching shear failure

The design of flat slabs is mostly limited by the ultimate capacity of punching shear and by
serviceability conditions (large deflections in service). These criteria lead to the selection of

the slab thickness and the concrete quality (Alkarani and Ravindra. R , 2013).

LYTOS Konstantinos — Département Génie Civil et Construction 15
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1.2. Outline of thesis

The thesis concerns the detailed calculation of the flat slab reinforcement of the building
«Saint Cross College» which is currently being designed by Pell Frischmann. It also includes

research on the punching shear capacity of flat slabs.

Chapter 2 contains the literature review for the punching shear phenomenon. The provisions
of Eurocode 2 as well as some other experimental formulas are presented. An innovative and
pioneering method to resist punching shear failure is also presented. This method concerns the

use of FRP sheets as a strengthening tool instead of the conventional use of steel bars.

In Chapter 3 the project «Saint Cross College» is presented. In addition, the project is
modelled in the Finite Element software Scia Engineer, developed by NEMETSCHEK. The
output of the analysis is then used for the detailed calculation of the longitudinal
reinforcement of the flat slabs of the building.

In Chapters 4 and 5, the punching shear phenomenon in the column/slab interfaces of the
building is analytically investigated. The formulas and the codes presented in chapter 2 are
now used for the calculation of the punching shear reinforcement in these areas. The possible
arrangements of the conventional steel reinforcement are presented and compared.
Furthermore, the conventional reinforcement is then compared to the innovative use of FRP

sheets.

LYTOS Konstantinos — Département Génie Civil et Construction 16
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2. Literature review

2.1. Introduction

Supporting a slab directly on a column can lead to a punching shear failure, as the slab may
not be able to support locally the axial force of the column. This chapter describes the
parameters which influence the punching shear capacity of a concrete slab under a
concentrated loading, as occurred from experimental studies and proposed mechanical
models. Firstly, the punching shear resistance of slabs without shear reinforcement is
evaluated. In addition, the conventional types of shear reinforcement (shear studs, bent-up
bars, stirrups etc.) that are widely used in flat slabs are assessed. The provisions of the current
European code (Eurocode 2 2004) are also presented.

Furthermore, some innovative materials that can be used as punching shear reinforcement, the
behaviour of which is not fully understood until today, are the Fiber Reinforced Polymers
(FRP) matrixes. Corrosion of steel reinforcement is an important durability problem, which
leads to costly repairs and structural deterioration. The use of fiber reinforced polymers is a
very promising technology which can help to overcome the problem of corrosion (EI-
Ghandour, A.W, Pilakoutas, K., Waldron, P. , 2003 ). In addition, the use of glued matrixes
has the advantage of quickly repairing existing structures that need to be strengthened. In this
chapter, some proposed formulas which take into account the effect of FRP matrixes to the
punching shear capacity of flat slabs are presented (AFGC — Association Francaise de Genie
Civil — Réparation et renforcement des structures en béton au moyen des matériaux
composites, Septembre 2010). It should be noted that none of European recognised design
standards provides specifications for the punching shear capacity of RC slabs reinforced with
FRP sheets.

LYTOS Konstantinos — Département Génie Civil et Construction 17



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

2.2. Punching Shear Failure

2.2.1. Punching Shear in General
The dead and live loads of a slab supported directly on a column induce high shear stresses in

the slab/ column interface. These stresses can result in the column ‘punching’ through the slab
(Alkarani and Ravindra. R, 2013). The punching shear is characterised by a truncated cone or
pyramid failure as presented in figure 5. The punching shear failure occurs similarly in

foundations.

1 ‘ : s -"”._ ™ o Td
Piper’s Row Car Park, Wolverhampton, UK, 1997 (built in 1965).

Figure 7, Example of punching shear failure

A slab of a specific thickness and quality of concrete, which is supported by a column of
known dimensions, has a maximum resistance in punching shear. Generally, the resistance of

a slab in punching shear can be increased by:

LYTOS Konstantinos — Département Génie Civil et Construction 18
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e Expanding the interface which transfers shear stresses from slab to column. This can
be achieved by locally increasing the thickness of the slab in the vicinity of column
with drop panels or column capitals. Also, the dimensions of the column or the

overall thickness of the slab can be increased.

e Using concrete of high quality

e Using punching shear reinforcement such as bent-up bars, rail, studs, stirrups or FRP

matrixes in the area adjacent to the column.

The punching shear failure is a brittle failure with no warnings. For this reason, it is generally
desirable to ensure that the flexural failure will occur prior to any shear failure. The criteria
for deciding the best strengthening method for punching shear failure are structural and
economical. The issue of ductility, which is a very desirable structural behaviour, is also

important.

2.2.2. Conventional types of punching shear reinforcement

Different types of shear reinforcement have been proposed by civil engineers in order to
increase the strength and ductility of concrete slabs. The role of shear reinforcement is
primarily to stop the opening of the critical shear crack, increase the compression zone and
aggregate interlock which leads to the increase of punching shear strength. Shear
reinforcement can be classified as follow (M.A. Polak, E. El-Salakawy, and N.L. Hammill,
2005):

e Stirrups, single or double leg bar, bent-up bars, and closed ties as shown in figure 8
e Shearheads as shown in figure 9
e Stud rails, shear studs and shear bolts as shown in figure 10

e Other new and modern shear reinforcement

LYTOS Konstantinos — Département Génie Civil et Construction 19
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(c) (d)

Figure 8, (a) Bent-up bar, (b) Single —leg stirrup, (c) Multiple-leg stirrup, (d) Closed-stirrup or

closed tie

g~
Figure 9, Typical shearhead reinforcement
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April 2014

Figure 10, Headed shear studs (Source: Shearail by FRANK manual)

Each type of reinforcement has its own advantages and disadvantages which are related to
economy, practicality or structural efficiency. It should be noted that most of the tests on slabs
strengthened with headed shear studs show a ductile and satisfactory strengthening
performance (M.A. Polak, E. El-Salakawy, and N.L. Hammill, 2005). As it is also a very
convenient and practical type of reinforcement, it has been recognised by many standards as

an effective way to provide punching shear reinforcement for slabs.
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2.3. Analytical punching shear failure model in Eurocode 2

2.3.1. Punching shear verification model
According to Eurocode 2, punching shear can result from a concentrated load or reaction

acting on a relatively small area, called the loaded area Aload of a slab or a foundation. The
proposed verification model for checking punching shear failure is shown in the figure below.

2d

&= arctan {‘“‘2} i . .._._.,E,_._._._..
=26,6° ' - basic control
¢ section

a) Section

- basic control area Agont
- basic control perimeter, u
@ - loaded area Ajpag

reont further control perimeter

b) Plan

Figure 6.12: Verification model for punching shear at the ultimate limit state

Figure 11, Verification model for punching shear at the ultimate limit state according to

Eurocode 2

The shear resistance should be checked at the face of the column and at the basic control
perimeter u;. If shear reinforcement is required a further perimeter uoyer Should be found
where shear reinforcement is no longer provided. The basic control perimeter ul should be
taken to be at a distance 2d from the loaded area and should be constructed so as to minimise

its length. Typical examples of the basic control perimeter are given in the figure below.
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Figure 6.13: Typical basic control perimeters around loaded areas

Figure 12, Typical basic control perimeters around loaded areas according to Eurocode 2

However, for a loaded area situated near an edge or a corner, the control perimeter should be

taken as shown in figure 13.

w Y u

v | 2d

N

2d

U YL it

Figure 6.15: Basic control perimeters for loaded areas close to or at edge or corner

Figure 13, Basic control perimeters for loaded areas close to or at edged or corner according

to Eurocode 2

In addition, for loaded areas situated near openings, if the shortest distance between the
perimeter of the loaded area and the edge of the opening does not exceed 6d, that part of the
control perimeter contained between two tangents drawn to the outline of the opening from

the centre of the loaded area is considered to be ineffective (see figure 14).
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Figure 6.14: Control perimeter near an opening

Figure 14, Control perimeter near opening according to Eurocode 2

2.3.2. Punching shear calculation

2.3.2.1. General
The design procedure for punching shear is based on checks at the face of the column and at

the basic control perimeter u;. If shear reinforcement is required a further perimeter Uguter (S€€
figure 17) should be found where shear reinforcement is no longer required. The following

design stressed (MPa) along the control sections are defined according to Eurocode 2.

VR, IS the design value of the punching shear resistance of a slab without punching

shear reinforcement along the control section considered.

VRacs 1S the design value of the punching shear resistance of a slab with punching

shear reinforcement along the control section considered

Vra,max IS the design value of the maximum punching shear resistance along the control

section considered.
The checks that must be carried out are:

1. At the column perimeter or the perimeter of the loaded area, the maximum punching

shear stress should not be exceeded.
VEd < vRd,max
2. Punching shear reinforcement is not necessary if :

VEed < VRrdc
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3. Where support reaction is eccentric with regard to the control perimeter, the maximum
shear stress should be taken as :

Vea
u; xd

Vea = B *

where
d is the mean effective depth of the slab
uj is the length of the control perimeter being considered

B is a factor for eccentricity as the unbalanced moments around the column affect the
shear stresses (see figure below).

i:; (c] Shear dye to urbalanced moment

{v) Shear siresses due to V,

&7

id) Total snear stresses

{2) Transter of unbalanced moments to column

Figure 15, Combined action of shear and shear due to moment transfer at interior column ,
(Alkarani, Ravindra , 2013)

According to Eurocode 2, for structures where the lateral stability does not depend on frame
action between the slabs and the columns and where the adjacent spans do not differ in length

by more than 25% approximate values for  may be used (see figure below).
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Figure 6.21N: Recommended values for 8

Figure 16, Recommended values for  according to Eurocode 2

2.3.2.2. Punching shear resistance of slabs and column bases without shear
reinforcement

The punching shear resistance of a slab should be assessed for the basic control section. The

design punching shear resistance [MPa] may be calculated as follows:

1 3 1
Vrae = Crac * k + (100 * p; * fei )3 + kq * Ocp = Vpin + keq * Ocp = 0,035 * k2 f2 +kq * Ocp

, Where

0.18
=0,12

Rd,c =
c
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k=1+ 200<z
N d

fer isin MPa
o1 = (pry * pi2)*° < 0,02

Py » Pz Telate to the bonded tension stein in y- and z- directions respectively. The values

should be calculated as mean values taking into account a slab width equal to the column
width plus 3d each side. Also,

Ocp = (ch + 0¢,)/2

Where ocy, ocz are the normal concrete stresses in the critical section in y- and z- directions

(positive if compression in MPa)

2.3.2.3. Punching shear resistance of slabs and column bases with shear reinforcement
Where shear reinforcement is required it should be calculated in accordance with the

following expression:

de,CS = 0,75 * de,C + 1,5 * S— * ASW * nyd,ef * m * Sina
r 1

where

Aqw is the area of one perimeter of shear reinforcement around the column [mm?]

Sris the radial spacing of perimeter of shear reinforcement [mm]

fywa.ef IS the effective design strength of the punching shear reinforcement , according to
fywder = 250 +0,25d < fywq [MPa]

d is the mean of the effective depths in the orthogonal directions [mm]

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

In addition, adjacent to the column the punching shear resistance is limited to a maximum of :
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B * Vigq
v = <v =0,5*v=x*
Ed,0 Uy * d Rd,max fcd
where
fea = fck/'Yc

fck )
=(1 -
v ( 250
Finally, the control perimeter at which shear reinforcement is no longer required Uqyter Should

be calculated from the expression :

B * Veq

Uout,efreq —
T VRd,c * deff

The outermost perimeter of shear reinforcement should be placed at a distance not greater
than kd (where k = 1,5 according to Eurocode2) within ugyer. The figure below shows two
possible arrangements that are proposed in Eurocode 2. These are radial arrangement and the
orthogonal arrangement. It should be noted that for the orthogonal arrangement only the part
of the dashed line is considered to be an effective perimeter. The length of the effective
perimeter of the above calculation is equal to the length of this dashed line. Further research

and comparison between these two arrangements is presented in chapter 4.

ooo
ooco
-X-T-1
coo

.\
o 4
o
N7 .
ooo .
R-X-1 *
aoco “9g
coo

Perimeter ugut Perimeter ugyter

Figure 6.22: Control perimeters at internal columns

Figure 17, Possible arrangements of shear reinforcement and control perimeters
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Figure 18, Illustration of orthogonal arrangement

2.3.3. Detailing requirements for punching shear reinforcement

This paragraph presents the rules imposed by Eurocode 2 concerning the spacing and the
position of the shear reinforcement. In chapter 4, we use these rules in order to choose the

most economical and structurally efficient arrangement.

Where punching shear reinforcement is required it should be placed between the loaded
area/column and kd (where k=1,5) inside the control perimeter at which shear reinforcement
is no longer required. It should be provided in at least two perimeters of link legs. The spacing
of the link leg perimeters should not exceed 0,75d. In addition, the distance between the face
of a support and the nearest shear reinforcement taken into account in the design should not
exceed 0,5d.
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Figure 19, Plan showing the required spacing of shear reinforcement according to Eurocode 2
for radial layout

Top cover Top reinforcement
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Figure 20, Section showing the required spacing of shear reinforcement according to
Eurocode 2
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2.4. Use of externally bonded FRP sheets

2.4.1. Introduction
As already mentioned, the classical strengthening techniques for concrete slab-column

connections, in order to prevent sudden punching shear failure, include the use of shear
reinforcement, the use of concrete of better quality, thickening the slab, increasing the column
dimensions and using column heads. These methods do provide enough additional strength to
the slab, however they are not practical, difficult to install, expensive and some of them are

aesthetically not pleasing.

On the other hand, strengthening slabs with external FRP sheets is simple, does not require
excessive labour, does not affect the architectural character of the building and offers the
unique possibility of repairing existing structures very quickly. In addition, corrosion of steel
reinforcement is a major durability problem leading to inevitable cost repairs and loss of use.
The use of FRP sheets is considered to be a very promising technology for overcoming the
problem of corrosion. However, the main problem of civil engineers is to evaluate the
contribution of the FRP sheets to the punching shear resistance of the slab. At the moment,
none of the recognised design standards provides information for the punching shear
resistance of a slab reinforced with FRP sheets. Generally, the FRP bonding to the slab is
achieved via a resin which is initially applied to the RC slab.

Figure 21, FRP bonding and removing excess resin by rolling
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In this paragraph, we will present the analytical model that calculates the contribution of the
FRP sheets to the punching shear resistance of a reinforced concrete slab. This model is based

on the articles which are listed below:

[1] MENETREY PHILIPPE. Synthesis of punching failure in reinforced concrete. Cem Concr
Comp 2002;24:497-507

[2] E.H. ROCHDI,D. BIGAUD, E.FERRIER, P.HAMELIN ; Ultimate behaviour of CFRP
strengthened RC flat slabs under a centrally applied load. Composite Structures. 72(2006)69-
78.

[3] L. MICHEL, E. FERRIER, D.BIGAUD, A. AGBOSSOU; ‘Criteria for Punching Failure
Mode in RC Slabs Reinforced by Externally Bonded CFRP’. Journal of Composite Structures,
Elsevier ed., Volume 81, Issue 3, December 2007, Pages 438-449.

[4] AFGC — Association Francaise de Genie Civil — Réparation et renforcement des structures

en béton au moyen des matériaux composites, Septembre 2010.

The French Association of Civil Engineering has published the document «Réparation et
renforcement des structures en béton au moyen des matériaux composites» on Septembre
2010. This document summarises the formula for calculating the total punching shear
resistance of a slab bonded externally with FRP sheets.

The calculation is based on the article of Menétrey «Synthesis of punching failure in
reinforced concrete» published in 2002, who initially proposed a formula that calculates the
punching shear resistance of a RC slab without FRP sheets. The formula was then extended
by E.H. ROCHDI, D. BIGAUD, E.FERRIER and P.HAMELIN with the article «Ultimate
behaviour of CFRP strengthened RC flat slabs under a centrally applied load» published in
2004. The formula was altered in order to calculate the beneficial effects of a solid FRP sheet
bonded externally to the slab. Finally, L. MICHEL, E. FERRIER, D.BIGAUD, A.
AGBOSSOU extended this approach even more by proposing a formula that calculates the
punching shear resistance of a slab reinforced by crossed FRP strips, which are more
economical than a solid FRP sheet. This article is called «Criteria for Punching Failure Mode
in RC Slabs Reinforced by Externally Bonded CFRP» and was published in 2006.
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2.4.2. Analytical model

2.4.2.1. Punching failure mechanism

The main points of the punching shear failure mechanism are (E.H. ROCHDI,D. BIGAUD,
E.FERRIER, P.HAMELIN , 2004) :

e Formation of a roughly circular crack around the column periphery on the tension

surface of the slab and propagation into the compression zone of concrete
e Formation of a new lateral and diagonal flexural crack

¢ Initiation of an inclined shear crack near middepth of the slab, observed at about half

to two thirds of the ultimate load

e With increasing loads the inclined cracks develops towards the compression zone and

the tension zone

Column and
portion of slab

(22221

**ﬂ* *ﬂ** Punching

crack

=
FT

Figure 22, Punching failure mechanism

LYTOS Konstantinos — Département Génie Civil et Construction 33



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

2.4.2.2. Proposed formula

The formula that calculates the punching shear resistance of a RC slab reinforced with FRP
sheets is now presented. The proposed formula is based on the assumption that the
equilibrium of the concrete section is assured by the contributions of the concrete, the flexural
steel and the FRP sheets.

Fﬂ} lj{p!m'

Coniribution du béion

Coninbution de l'acier

'Fz:fz’ 1F pan
4

E dowf

Contribution du renfort composite Fctz" 1 }’Lz'ow

F dows2

e
Fae %

Figure. 2.7.2 : Equilibre d'une section béton armé poingonnée (sous charge localisée)

Figure 23, Equilibrium of a RC section resisting punching shear

Thus Fut = Fet +Fgows + Faows, as illustrated in the above figure, where Fy is the total punching

shear resistance of the slab.
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The resistance offered by the concrete and the longitudinal reinforcement was analytically
presented in the Eurocode 2 specifications in paragraph 2.3. This paragraph emphasizes in the
calculation of the additional resistance Fgous provided by the FRP sheets. Once calculated, the
value Fgons Can be added to the resistance offered by the concrete and the longitudinal
reinforcement. The sum of these resistances is the total punching shear capacity of the RC

slab reinforced with FRP sheets. Two cases are examined:
A. Reinforcement with solid FRP sheets

B. Reinforcement with crossed FRP strips

Configurations possibles des renforts composites
!

| \uu-

Cley it

Figure 24, Possible arrangements of FRP solid sheets (a) and crossed FRP strips (b) , Source :
AFGC — Association Francaise de Genie Civil, 2010

It should also be mentioned that FRP sheets are not isotropic materials. The resistances
depend on the orientation of the fibres and the forces. Some typical examples of FRP

resistances are shown in the figure below.
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Table 2-7: Typical short-term mechanical properfies of GFRP, CFRP and AFRP

Property E-glass/epoxy | Kevlar 49/epoxy | Carbon/epoxy
Fibre volume fraction 0.55 0.60 0.65
Density (kg/m’) 2100 1380 1600
Longitudinal modulus (GPa) 39 87 177
Transverse modulus (GPa) 8.6 5.5 10.8
In-plane shear modulus (GPa) 3.8 2.2 7.6
Major Poisson ratio 0.28 0.34 0.27
Minor Poisson ratio 0.06 0.02 0.02
Longitudinal tensile strength (MPa) 1080 1280 2860
Transverse tensile strength (MPa) 39 30 49
In-plane shear strength (MPa) 89 49 83
Ultimate longitudinal tensile strain (%) 2.8 1.5 1.6
Ultimate transverse tensile strain (%o) 0.5 0.5 0.5
Longitudinal compressive strength (MPa) 620 335 1875
Transverse compressive strength (MPa) 128 158 246

Figure 25, Typical FRP resistances, Source: Fib(International Federation of Structural
Concrete), September 2007

A. Reinforcement with solid FRP sheets

In this case the contribution of the FRP sheet Vgq+ to the total resistance of the slab can be
calculated by the formula:
Y Wrrlp*ny oo 0o

v = —x
Rat X Uy *Yr 2%xcy 2%cy

)

where
cl,c2 are the column dimensions
2d is the distance between the column and the basic control perimeter
0r 90 1S the resistance of the FRP sheet in the direction of 90 degrees
or o Is the resistance of the FRP sheet in the direction of 0 degrees
ny, is the number of FRP sheets

ty is the thickness of a FRP sheet
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u, is the basic control perimeter

uy s is the total width of FRP sheets thar are cut by the basic control perimeter
Vra,r IS the punching shear resistance provided by the FRP sheet

Yris a security factor equal to 1,15

1 is a factor that depends on the thickness of the FRP sheet

Thickness (mm) 1 2 3 4 5
1) 2,5 2,2 1,9 1,7 1,5

x =1 for a laminate type of reinforcement

x = 2,5 for pultruded reinforcement

B. Reinforcement with crossed FRP strips

In this case the contribution of the crossed FRP strips Vgrqs to the total resistance of the

slab can be calculated by the formula:

Vrd,f = Vrd,fy t VRra,fz =

Y Uppy *x Wry * Ly %1y Y Uppr * Wep * Lpp * Ny
= —x > * ffd 4+ — % 5
X uy * Yy * degy X uy * yp * degy

* ffa

where

d.sr is the effective height of the slab

frais the characteristic resistance of the FRP sheet
T,y IS the number of FRP sheets in direction y
Ny, 1S the number of FRP sheets in direction z

try is the thickness of a FRP sheet in direction y
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tr, is the thickness of a FRP sheet in direction z
wy,, is the width of a FRP strip in direction y
Wy, is the width of a FRP strip in direction z

Uy is the basic control perimeter

uy sy IS the total width of FRP sheets thar are cut by the basic control perimeter (direction y)
uy s, is the total width of FRP sheets thar are cut by the basic control perimeter (direction z)
Vra,ry IS the punching shear resistance in direction y
Vra 7 1S the punching shear resistance in direction z

Y, ¥, x are the same as in case A

Finally in both cases the FRP sheets must be properly anchored in order to obtain an effective
outer perimeter Uoyt e OF concrete that can resist punching shear without the FRP sheets (like
in the case of conventional steel reinforcement). The outer effective perimeter in this case is

equal to:
Uout,ef = 2 * [(Cl +C + lanc,d) + 2% (d + lanc,d)]
where

lanc,a 18 the length of anchorage shown in the figure below.

LYTOS Konstantinos — Département Génie Civil et Construction 38



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

(IR pEn [

]anm:l

d 2d

_El

1
1

: M 24
!

. ]anm:l

-
Ugutef

(Périmétre  prennant

en compte la longueur

[
(]
(=%

lagcal 2d Ccy lLape.dl

d’ancrage)

Figure 26, Outer effective perimeter and length of anchorage

B*VEa

This outer control perimeter should be superior to
VRd,c*Qef f

as presented in paragraph 2.3.

An analytical example of externally bonded FRP sheets is presented in chapter 5.

2.5. Summary

In this chapter, the mechanism of punching shear failure was assessed. The provisions of
Eurocode 2 for the punching shear capacity of concrete with and without steel reinforcement
were analytically evaluated. Also, the conventional types of shear reinforcement were shown.
Furthermore, a formula that calculates the contribution of externally bonded FRP sheets to the
total punching shear capacity of a RC slab was presented. This formula was based on four
published articles that were summarised by The French Association of Civil Engineering in
the document «Réparation et renforcement des structures en béton au moyen des matériaux

composites» published on Septembre 2010.
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3. Reinforcement of concrete elements of Saint Cross
College in Oxford

In the next paragraphs a building consisted of flat slabs will be studied. The name of the
building is Saint Cross College. The aim of this study is to calculate the required
reinforcement of the building’s flat slabs. This is comprised by the longitudinal slab
reinforcement and the punching shear reinforcement that is necessary in many slab/column
interfaces. The different theoretical models that calculate the punching shear capacity of a
slab presented in chapter 2 will be used and compared. Firstly, a Finite Element model of the
building is created. Then the output of the model is used for the calculation of the longitudinal

and punching shear reinforcement.

3.1. The project

St Cross College Quad Development project is a four storey RC concrete building with one
storey of basement. It is situated in Oxford, UK. Ground floor consists of seminar rooms, café
and library spaces, bike storage as well as a lecture theatre. First, second and third floors are
used only as residential spaces and the roof level is only accessible for maintenance purposes.
Finally, the basement is designed to accommodate a plant room, a storage area and a wine
cellar. Vertical access to all floors is provided by two staircases and a lift. Slab openings are
present at various locations to ensure adequate space for the vertical risers. In terms of facade,

lightweight GRC panels will be used for aesthetical reasons.
The slabs of the building are flat and directly supported to columns or walls. Few beams exist

in the building. The building has a L-shaped plan and its height is 11,80m. A plan of the

building with its surroundings is demonstrated below:
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Figure 28, Ground floor layout

The detailed plans and sections of the building are presented in Appendix B.
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3.2. Structural system and aim of calculations

This thesis concerns the detailed calculation of the reinforcement of the flat slabs of Saint
Cross College. The building is firstly modelled at the Finite Element Software Scia Engineer,
developed by NEMETSCHEK. The output of this model will provide the internal forces in
the slabs. We will then calculate the required longitudinal reinforcement of the slabs of the
building. These reinforcement quantities are expected to be quite high. This occurs due to two

reasons.

Firstly, the slabs are directly supported to the columns without the use of any beams, which
results in bigger deflections and internal forces in the slab due to live and dead loads.
Secondly, in some cases the columns and the walls of the building are not aligned above and
below a floor. In these locations, the slab acts like a transfer slab, which transfers the forces of
the column above to the column below. In these regions, the slab is highly stressed and needs
a bigger amount of reinforcement. In addition, in this case the slab/column interfaces must be
thoroughly checked, as they must be able to resist a punching shear failure caused by the high
axial forces of the columns and the consequent high local stresses in the slab. It must be noted
that the slabs of the building are generally thin (thickness from 225mm to 350mm).

Loading by Tributory Area
[ manual )

R AR
H

Transfer
Slab

Ignore Supporting Structure

Figure 29, Typical transfer slab

LYTOS Konstantinos — Département Génie Civil et Construction 42



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

In chapter 3.3., the FE model in Scia Engineer is presented. Then the output of the software is
used for the calculation of the longitudinal slab reinforcement. In chapter 4, the punching
shear resistance of some critical column/slab interfaces is assessed. The various possible
arrangements of the punching shear reinforcement are compared and evaluated in terms of
structural efficiency, practicality and economy. Furthermore, an innovative method of
punching shear reinforcement is presented in chapter 5. It concerns the use of FRP sheets as a
strengthening method. This solution is finally compared to the conventional ways of

providing punching shear reinforcement.

3.3. Scia model

Saint Cross College is modelled in the software Scia Engineer, which is developed by
NEMETSCHEK. Scia Engineer is widely used for the static analysis of structures via the
finite element method. In addition, the software is capable of providing directly the required
reinforcement of the different elements of the structure according to Eurocode 2. The figures

below show Saint Cross College as modelled in Scia Engineer:

Figure 30, Saint Cross College as modelled in Scia Engineer View 1
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Figure 31, Saint Cross College as modelled in Scia Engineer View 2

3.3.1. Elements and Mesh

Two types of elements are used for the modelling of the building:

A. 1D elements for the modelling of columns and beams
B. 2D elements for the modelling of walls and slabs

For the creation of a 1D element the section of the element must be defined. We then input the
beginning and the ending points of the element. Furthermore, for the creation of 2D elements
a corresponding area with its thickness must be defined. The global mesh is obtained

automatically, but there is the option to refine it locally when necessary.
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Figure 32, Global mesh of the model
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3.3.2. Restraints and Supports

The building is supported to the ground via piles, which are represented in the model as
springs. In the position of each pile, we input 1 vertical, 2 horizontal and 3 rotational springs,
which are provided by the geotechnical department after a number of iterations between the

structural and the geotechnical model.

3.3.3. Loads on the building

The unfactored dead and live loads of the building are summarised in the table below:

Y 2 ; Q
Dead Loads G (kN/m Live Loads
(/| & (/) (kN/m?)

Slab 24 - Circulation 3
Screed - 12 Residential 2
Partition walls - 12 Stairs 3
Facade 18 1.8 Balconies 3.25
Finishes/Ceilings/S¢| - 0.6 Roof Maintenance 0.5
Staircase 24 3.6 Congregation 3.5
Raised floor - 1 Plant Room 7.5
Paving - 1.2 Cellar 7.5
Upstands 24 4.8

Figure 34, Dead and Live Loads

Generally, for the Ultimate Limit State (ULS) of the building the Dead Loads (G) are
multiplied by a factor equal to 1,35 and the Live Loads (Q) are multiplied by a factor equal to
1,5. Also, some factors ; are occasionally used for the combination of the live loads
according to Eurocode 2. The building is of category: E (stockage) at the basement, C

(congregation) at the ground floor and A(residential) at the first, second and third floors.
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3.4. Reinforcement of slabs

In this paragraph, we will present analytically the output and the solution of the first floor

slab. The second and third floors are resolved similarly.

The plan of the first floor slab is shown in the figure below:

R Miall McLaughiin Architects.

St Cross College

General Arangement
First Flaor

i
|
e e
i
|

¢~ Flan Detail i- Slab Setout
W TiE

Figure 35, General arrangement first floor, Saint Cross College
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z

X
Project : A12713_ St Cross Author ; (D01 Team) Printed : 27.04.2015 16:37
1st Floor

Figure 36, First floor slab, columns and walls as modelled in Scia Engineer

3.4.1. Finite Element output

The output of the model (maximum moments Mx and My) in the first floor slab for the ULS
loading is presented below:
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1st Floor (ULS Moments)

Figure 37, Moment Mx in the first floor slab, Ultimate Limit State (ULS)
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Figure 38, Moment My in the first floor slab, Ultimate Limit State (ULS)
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Also, the output of the deflection for a SLS (Serviceability Limit State) loading is:

Uz [mm]

.....

1st Floor-SLS Deflection

Figure 39, Deflection of the first floor slab, Serviceability Limit State (SLS)

As many of the columns and the walls are not aligned above and below the first floor slab, we
observe big positive or negative moments in local areas around the columns. These columns
can be supporting (negative moments) or be supported (positive moments) by the slab. In the
locations where columns are not aligned, the slab acts like a transfer slab, which transfers the
forces of the column above to the column below. The plan below shows both the
columns/walls that are supporting the slab below the first floor and the columns /walls that are

supported by the first floor slab and do not continue until the ground.
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Figure 40, First floor elements supported by the first floor slab which do not continue to the

ground

The maximum and minimum ULS moments are equal to +190kN*m/m and -270kN*m/m

correspondingly. The maximum SLS deflection is equal to 13mm.

3.4.2. Longitudinal reinforcement of flat slabs

In order to calculate the longitudinal slab reinforcement, several parts of the slab are solved
and reinforced as beams of 1 meter width. This calculation is based on the ULS output Mx
and My of the model, as the slab is ULS governed (the slab has short spans and therefore
small SLS deflections which do not affect the required reinforcement quantities). This leads to
the calculation of a required reinforcement area per meter for each direction x, y at the bottom
and the top of the slab. This calculation needs to be as accurate as possible for the different
parts of the slab; however the reinforcement must have a certain degree of homogeneity in

order to be practical and easy to install on site.
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For this purpose, the first floor slab is divided in several areas and each area is conservatively
solved by using the maximum moment that occurs in it (even if the moment is local and does
not characterize the whole area). The calculations are performed quickly by using the
software TEDDS developed by CSC. The parts of the slab are solved as beams of 1 meter
width. This software calculates the required reinforcement of a beam according to Eurocode 2
with ULS and SLS checks. As the volume of these software calculations is very high and the
method of calculation is the classic method for dimensioning a Reinforced Concrete beam, we
will present a sample of the Tedds software calculations in Appendix D. The final

longitudinal reinforcement mark-up of the first floor slab is shown below:
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Figure 41, Longitudinal reinforcement of first floor slab

The symbol H shows the diameter of the steel bar. Also, the symbol @ defines the spacing
between adjacent bars. Finally, the symbols B and T define if the reinforcement is situated at
the bottom or the top of the slab correspondingly.
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The Tedds software sample calculation presented in Appendix D, calculates the required
longitudinal reinforcement in the area of the slab shown in the plan below ( reinforcement in

circle):
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Figure 42, Longitudinal reinforcement of first floor slab, Sample Tedds software calculation

according to Eurocode 2 for the area in circle

From the output of the Scia model in figure 38 we can see that the maximum moment in this
area of the slab (direction y) is Mpax= +90 kKN*m/m. Also, the local slab thickness is
h=225mm. The calculation is done according to Eurocode 2. Seven bars of 16mm diameter
have been calculated as the required reinforcement of an equivalent beam of 1 meter width in
Tedds software presented in Appendix D. This corresponds to a spacing of 150mm between
the H16 bars in this part of the slab. The required longitudinal reinforcement is calculated
with the exact same procedure for all the other sections of the slab.

The same applies to the second and third floor slabs the output of which can be analytically
seen in Appendix C.

The final longitudinal reinforcement mark-ups of the second and the third floor slabs are:
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Figure 43, Longitudinal reinforcement of second floor slab
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Figure 44, Longitudinal reinforcement of third floor slab

LYTOS Konstantinos — Département Génie Civil et Construction 54



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

3.4.3. Overall reinforcement quantities

This paragraph presents the overall reinforcement quantities of the slabs expressed in kg/m®.
For this purpose, we have set up an excel spreadsheet that quickly and automatically
calculates the total mass of the steel reinforcement of the slabs depending on the diameter of

the steel bars and their spacing. This value is then divided by the volume of concrete of the

slab.

PELL FRISCHMANN

Calculation of reinforcement quantities

27/04,/2015
By : KL
Slab Name - 2nd Floor Slab
Part of Slab Bars () (mm] Spacing [mm] Area [(m2) Weight per sq meter [kglm2) Percentage of laps [>] Weight [without laps) (kg) Weight
Based on density of 7850 kgim?

Type 1 1
T 12 200 265 4.440 0 1176.60
IF3 12 200 265 4.440 ] 1176.60
B1 16 150 265 0527 o Z783.66
B2 12 200 265 4.440 1 1176.60

Type 2
T 16 150 105.3 0527 o 1M14.51
T2 16 200 105.9 T.835 1 836.08
B1 20 200 105.9 12.330 1 1305.75
B2 20 200 105.9 12.330 0 1305.75

Type 3
T 12 200 40 4.440 1 177.60
T2 0 0 40 0 0 0.00
B1 12 200 a0 4.440 ] 17T.60
B2 0 0 40 0.000 o 0.00

Type 4
m 12 200 13z 4.440 ] 5B2.53
T2 16 z00 13z T.83% o 1035.82
B1 12 200 i 4.440 1 582.53
B2 20 200 13z 12.330 1 1E17.70

Figure 45, Illustration of the excel spreadsheet for the calculation of reinforcement quantities

0

The reinforcement quantities of the slabs of the building are summarized in the table below:
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Element Reinforcement quantity Concrete Grade
Stage F Analytical Estimate
Rebar (t) Concrete Volume (m3) Reinforcement (kg/m3)
First Floor Slab 24.41 145 170 kg/m3 C40/50
Second Floor Slab 19.60 122 160 kg/m3 C40/50
Third Floor Slab 15.50 122 130 kg/m3 C40/50

Table 1, Reinforcement quantities of slabs of Saint Cross College

In addition, these are some typical reinforcement quantities found in different structural

elements (Source: Structural engineer’s pocketbook, 2" ed., 2004.):

Slabs

RC pad footings
Transfer slabs
Pile caps/rafts
Columns
Ground beams
Beams
Retaining walls
Stairs

Walls

80-110kg/m?
70-90kg/m?
150kg/m?
115kg/m?
150-450kg/m?
230kg/m?
220kg/m?
110kg/m?
135kg/m?
65ka/m?

"All up’ estimates for different building types:

Heavy industrial
Commercial

Institutional

Source: Price & Myers (2001).

Figure 46, Typical reinforcement quantities
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We observe that in Saint Cross College’s slabs the reinforcement quantities are generally
higher than typically expected in transfer slabs (150 kg/m®). This can be explained by the fact
that Saint Cross College’s slabs are also flat and thin (225mm-350mm), which reduces the

volume of concrete and increases the reinforcement quantity ratio.

3.4.4. Punching shear calculations

In figure 40 we can see four columns that are supported by the first floor slab and do not
continue until the ground. They are named C3-01, C3-02, C3-03 and C3-04. Near these
columns the column/slab interfaces areas are subject to high stresses, which can result in a
punching shear failure. In these areas the punching shear capacity of the first floor slab must
be assessed. The punching shear capacity is analytically calculated in chapters 4 and 5. In
addition, the basement of the building is shown in figure 53. In the basement, there are 16
piles and 8 columns that are directly supporting or supported by the basement slab. For this

reason, the punching shear capacity of the basement slab needs to be checked.

3.4.5. Beam subjected to torsion

In addition to the reinforcement of the flat slabs, the design of a beam subjected to torsion at
the ground floor level was critical for the design of the building. The position of the beam can
be seen in figure. The reinforcement quantities are expected to be high and should be as
optimal as possible. This design is made according to Eurocode 2 BS EN 1992-1-1:2004
paragraph 6.3. The torsional design is out the boundaries of this thesis; however the analytical

hand and software calculations, as well as the final results can be seen in Appendix A.
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Figure 47, Location of ground beam GL8 subjected to torsion

3.5. Summary

In this chapter, the project Saint Cross College in Oxford was presented. The finite element
model of the project was created in the software Scia Engineer, which was analytically
shown. The output of this model was used for calculating the longitudinal reinforcement of
the flat slabs, which was found to be rather high (up to 170 kg/m?). The analytical mark-ups
of these longitudinal reinforcements were presented. Furthermore, the need for 28 punching
shear verifications (4 in the first floor and 24 in the basement) was expressed. These

calculations are presented in chapters 4 and 5.
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4. Punching shear resistance of flat slabs with conventional
shear reinforcement

4.1. Introduction

In this chapter, the punching shear capacity of the first floor slab is assessed. In addition to
being a flat slab, the first floor slab is also a transfer slab, as the columns and the shear walls
above and below the slab are not aligned for architectural reasons. The result of this
asymmetrical arrangement was the high ratio of longitudinal reinforcement. Furthermore, the
slab’s punching shear capacity needs to be checked at the intersections with columns C3-01,
C3-02, C3-03 and C3-04. These interface areas are subject to high stresses, as the dimensions
of the columns are only 200mm*600mm. The axial forces of the columns that result in a

punching stress (at the Ultimate Limit State) are:

e Column C3-01 : N; = 880kN
e Column C3-02 : N, = 785kN
e Column C3-03 : N3=240kN
e Column C3-04 : N4 = 275kN

These axial forces are illustrated in the output of Scia model illustrated below:
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O
NEMETSCHEK Result: N Project : A12713_St Cross

Scia Printed : 27.04.2015 16:41

1st Floor Columns (ULS Axial Load)

Figure 48, Scia output, ULS Axial forces of columns C3-01,02,03,04

We start by calculating the punching shear resistance of Column C3-01, which is the most
stressed. The punching shear capacity must be superior to Vgg = 880kN. Two conventional
arrangements of punching shear reinforcements are studied. These are the orthogonal and
radial arrangements proposed by Eurocode 2 in paragraph 6.4.5. The two solutions are then
compared in terms of structural effectiveness, practicality and economy. These calculations
are based on Eurocode 2 BS EN 1992-1-1:2004, paragraph 6.4.3.
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4.2. Solution of slab/column C3-01 interface

The slab has a depth of h = 350mm and an average effective depth of dess = 291mm. The
quality of concrete is C40/50. We thus calculate the distance 2d of the basic control perimeter
from the column:

defr B 291
tanf  tan26,6

2d = = 580mm

The length of the basic control perimeter is equal to:
ul =2*6004 2 %200+ 2 * 2d = 5242mm

This perimeter is illustrated in figure 50.

2d

0= arctan (1/2) -b--wvdeened..
= 26,6° ' - basic control
c section

Figure 49, Distance of the basic control perimeter

4.2.1. Punching shear resistance without shear reinforcement

As presented in chapter 2, the design punching shear resistance [in MPa] of a slab at the basic control

perimeter is equal to:

1 3
VRd,c = CRd,c * J (100 * P * fck)§ = Vpin = 0,035 % k2 « fckl/2
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, Where
0.18
Rd,c = = 0,12

c
200

k=1+ =183<2
defs

fox = 40 MPa

and p; relates to the bonded tension steel in y- and z- directions respectively. We
conservatively choose to neglect the presence of tension steel, as requested by the scientific
director. In this way the punching shear capacity of the column/slab interface will not be

affected even in the case of a modification in the longitudinal reinforcement.

We can now calculate the design punching shear resistance of the slab at the basic control

perimeter:

3 1
Vrde = Vmin = 0,035 % kz * f.2 = 0,035 % 1,832  40"/2 = 0,55 MPa

For an internal column the eccentricity of the support reaction (differentiation in pure shear
stresses due to presence of moments) is taken into account with the coefficient p = 1,15 of
Eurocode 2. This is a safety factor that takes into account the negative effects of moment

transmission from the slab to the column, as shown in Chapter 2.

The maximum punching shear capacity of the concrete slab [Vgrgc in MN] without shear
reinforcement can be now calculated. The design punching shear resistance [Vrqc in MPa] is
multiplied by the effective area of the basic control perimeter. This value is then divided by
the safety factor for eccentricity p = 1,15 :

_ Vmin*Ui*derr  0.55MPax5242mm*291mm

Veae = 2 —= = 0,728 MN

Therefore, further punching shear reinforcement is required, as:
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VRd,c =0,728 MN < Vg4 =0,880 MN

Firstly, we verify that the slab can withstand the stresses due to punching shear adjacent to the
column. If this criterion is not satisfied, the slab’s or the column’s dimensions need to change

in any case. The shear stress vegqoat the column periphery is:

B*VEq __ 1.15+0.880MN
Up*deff 1.6mx0,291m

VEd,0 = =2,17 MPa

,where U, is the column periphery.

Also, according to Eurocode 2 the maximum punching shear resistance at the column

periphery is equal to:

Vramax = 0,5 %V * fog = 0,5 [0,6 . (1 _ %’;)] X fy—k = 6,72 MPa

We verify that vgg o < Vrgmax - We can now proceed to the calculation of the required

punching shear reinforcement.

4.2.2. Punching shear resistance with shear reinforcement

In this section we will calculate the required punching shear reinforcement. Two verifications
must be made. Firstly, the slab with the shear reinforcement must be able to resist the
punching shear stresses at the basic control perimeter. In addition, the punching shear
resistance must be also verified in the outer control perimeter, where shear reinforcement is
no longer provided. Two different solutions are proposed and compared. These are the

orthogonal arrangement and the radial arrangement.
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4.2.2.1. Orthogonal arrangement

The outer control perimeter in which reinforcement is no longer required is equal to the length

along which the stress does not exceed VR,

B+*Vea _ 1,15%0,880MN

_ = = 6323
Uout,ef,req Vrac * deff 0,55 MPa = 0,291m mm

The required amount of punching shear reinforcement will be now calculated for column C3-
01. The total punching shear capacity (concrete and shear studs) must be superior to Vgq =
880KN.

As stated in Eurocode 2 the first shear reinforcement perimeter should be placed at a distance
not greater than 0,5d =145mm from the column periphery. Also, the distance between two
shear reinforcement perimeters should not exceed 0,75d = 217,5mm. The required punching

shear reinforcement (Asw/Sr) is calculated by the expression:

d
VRd,cs = 0,75 = VRa,c T 15% —xAg, * fywd,ef *

* sina
S, u; xd

The variables of this expression were presented analytically in paragraph 2.3. The variable

VRd s IS the stress applied along the first control control perimeter and is equal to :

Vrd.cs = u‘iLdff = 0,663MPa

We can now calculate the required reinforcement which is equal to :
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Ay mm?
— =271

( s )req mm

r

We choose to reinforce the slab by 12 link spurs of 3D8 @ 215mm. Each spur contains 3
shear studs of diameter 8mm placed at a distance 215mm from each other. The total number

of shear studs needed is 36. The provided amount of shear reinforcement is:

Agy _ 12%50mm?® 279 mm?
( S, Drov = 215mm "7 mm

g =271 2
Finally, the outer effective perimeter with this arrangement is equal to:

Ugyter = 2% (200 +2%55) + 2% (600 +255) +2+m*1,5+xd +8xd =7092mm
We thus obtain: wyye e = 7092mm > Uyyt efreq = 6323mm.

This means that the outer perimeter is capable of resisting the punching shear force V=880kN.

We conclude that the punching shear reinforcement is sufficient and optimal. The orthogonal
reinforcement layout is illustrated in the figure below. It should be noted that only the solid

part of the outer line counts as effective outermost perimeter according to Eurocode 2.
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Lo
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435=1.5d
4 \ 0 217.5<0.75d
435-=1.5d y )
217.5<0.75d
i , 145<0.5d

435=1.5d

Basic control perimeter u1=5242

Effective outermost perimeter uout.ef = 7092

Figure 50, Orthogonal reinforcement layout for C3-01

4.2.2.2.Radial arrangement

On the other hand the same amount of shear studs can be disposed radially according to

the figure below :
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Figure 51, Radial reinforcement layout for C3-01

This layout results in a bigger effective outermost perimeter (8093mm) in comparison to the
orthogonal layout (7092mm). This is explained by the fact that in this case the whole
perimeter is considered to be effective, which was not the case for the orthogonal layout. This
leads to the conclusion that for the same amount of shear reinforcement the radial layout is
structurally more efficient for an internal column. In fact, our study shows that for each
geometry (slab dimensions, column dimensions etc.) and material quality (concrete quality
etc.) there is a critical punching shear load Vgq it beyond which the radial layout can no
longer be used. This is explained by the fact that beyond this load Vgq it the effective part of
the outermost perimeter remains constant even if extra reinforcement peripheries are added
(Eurocode 2, BS EN 1992-1-1:2004 paragraph 6.4.5.). Generally, if more than 3 perimeters of
shear reinforcement are required then the orthogonal arrangement is normally unsuitable
(Shearail Manual , Frank , October 2010).
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However, when the difference between the two layouts is not very big and the provided
amount of shear reinforcement occurs to be the same, the orthogonal layout is an interesting
solution as it is more practical and easy to install. The figure below compares the effective
outermost perimeters of the two arrangements for different loadings. For each loading the

exact same amount of shear reinforcement is used for both layouts.

Comparison of different arrangements of reinforcement

25000

20000

15000 = Jout,ef,req
Uout,ef,orth
Uout,ef,rad
10000

/ ——=-u1

Uout,ef (mm)

U1
5000 ====T====

0 500 1000 1500 2000 2500 3000
VEd (kN)

Figure 52, Effective outermost perimeters of the orthogonal and radial arrangement

When the first control perimeter (black line) is smaller than Ugyterreq (red line), then the area
(length * depth of the slab) of the first control perimeter is sufficient to resist the punching
shear strees and no additional shear reinforcement is required. When the load becomes equal
to V=728kN, then additional punching shear reinforcement is required. The effective

outermost perimeter of the radial arrangement (green line) is always bigger than the one
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provided by the orthogonal arrangement (blue line) for the exact same amount of shear
reinforcement. This means that the radial arrangement is structurally more efficient.

In addition, the effective outermost perimeter of the radial arrangement remains constant
regardless of the number of reinforcement peripheries, as explained above. For this example,
the critical punching shear load Vgq it beyond which the radial layout can no longer be used is
equal to Veq it = 987 kN . Finally, according to Eurocode 2 the column fails adjacent to the
column periphery at a load of 2720kN, which is the maximum load that the intersection can

be designed to resist.

We conclude that:

e For loads less than 728 kN no punching shear reinforcement is required

e For loads between 728kN and 987kN it is preferable to use the orthogonal
layout due to its practicality on site

e For loads between 987kN and 2720kN only the radial layout can be used

e The radial layout is structurally more efficient and thus more economical that
the orthogonal

e The orthogonal layout is more practical and easy to install than the radial

layout

4.3. Solution of other column/slab interfaces in the first floor slab

The verification of the punching shear resistance of columns C3-02, 03, 04 is performed with
the same procedure as for column C3-01 according to Eurocode 2. For faster calculation, an
excel spreadsheet for punching shear verifications developed by The Concrete Centre is being
used. It is found that columns C3-03 and C3-04 do not need additional punching shear

reinforcement. The calculations in the excel spreadsheets can be seen in Appendix E.
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4.4, Basement Slab

As mentioned in chapter 3 paragraph 3.4.4. an additional punching shear verification must be
performed for the 16 piles and 8 columns that support/are supported by the basement slab.
The output of Scia engineer presented in figures 54 and 55 shows the axial forces of the
columns and the piles that may result in a punching shear failure in the basement slab. The 16
punching shear verifications for the piles are performed according to Eurocode 2 using the
software Shearail developed by FRANK. The method is exactly the same with the one shown
analytically for the column C3-01 of the first floor slab in paragraph 4.2. The software
Shearail enables us to perform these calculations very quickly. In addition, the 8 punching
shear verifications for the columns are performed using the excel spreadsheet developed by
The Concrete Centre as mentioned in paragraph 4.3. The basement slab plan is presented
below. Each pile and column is named with a reference number that is used in the calculations

for the distinction of the elements.
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Figure 53, Basement plan and pile/column reference numbers
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The columns/piles are divided into three categories according to their location in the slab:
e Internal columns/piles (columns 1,2,3,4,5 and piles 7,8,9)
e Edge columns/piles ( columns 6,7,8 and piles 3,4,6,12,13,14,15)
e Corner columns/piles ( piles 1,2,5,10,11,16)

Each category is solved according to Eurocode 2 instructions.

1433.49- E‘E“ 'Sﬁ-*ﬁ-ﬂ*
1093.56
] 1142.1%
+ 1376.0% [}  809.9% 748.2% 1i52.1%  1302.04-
| = |
1 4 1391.74 919.5% 917.18 1333.0% 142328 |
B H 1 1 1 1 H I

NEMETSCHEK Result : Rz Project : A12713 5t Cross College
Scia Printed : 27.04.2015 16:31

Basement ULS Pile Reactions

” LR LR IRaRY

Figure 54, Scia engineer output, ULS axial forces of piles at the basement slab
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Columns ULS Axial Loads

Figure 55, Scia engineer output, ULS axial forces of columns at the basement slab

The calculations for the 16 piles and the 8 columns are analytically shown in Appendix F. The
thickness of the basement is slab is h = 450mm and the concrete quality is C40/50. The
considered longitudinal reinforcement of the basement slab and the dimensions of each
pile/column are also analytically shown in the Appendix F.

We calculate that five column/slab and thirteen pile/slab interfaces need additional punching
shear reinforcement. This is explained by the fact that the basement slab is relatively thin
(450mm) and the axial forces of the piles and columns are relatively high. Another good
solution would be to increase the overall thickness of the slab to 500-550mm and/or use a

concrete of better quality.
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4.5. Summary

In this chapter, the analytical conventional method according to Eurocode 2 for calculating
the punching shear capacity of a slab/column interface was demonstrated. The formulas were
applied to a specific slab/column interface in the first floor slab of Saint Cross College in
Oxford. Two possible arrangements were examined: the orthogonal and the radial
arrangements. The latter was found to be structurally more efficient. Furthermore, twenty
eight calculations were performed for the verification of the adequate punching shear

resistance of twelve slab/column and sixteen slab/pile interfaces.
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5. Punching shear resistance of flat slabs with Fiber-
Reinforced Polymers (FRP)

5.1. Introduction

In this chapter, an alternative punching shear strengthening method using FRP sheets is

proposed for column C3-01. The formulas mentioned in chapter 2 are being used.

5.2. Case of solid carbon sheet applied to the whole critical perimeter

In chapter 5 it was calculated that the punching shear resistance of concrete is Vggc=
0,728MN. The total resistance must be superior to 0,880 MN. This means that the FRP sheet
must provide a resistance of 0,880 - 0,728 = 0,152MN. For this study, carbon sheets will be
used as reinforcement. There are many types of carbon sheets of various properties with a
longitudinal tensile strength ranging from 1000MPa to 3000 MPa, as shown in table 1.
Carbon fibres exhibit high strength and stiffness. Their strength and tensile modulus are stable
as temperature rises and they are also highly resistant to aggressive environmental factors (fib,
FRP reinforcement in RC structures, September 2007). The most important disadvantage of
carbon fibres is their high cost. For this particular study, we choose to use carbon sheets of
low tensile strength (1050MPa longitudinal tensile strength and 49MPa transverse tensile
strength, Material strength source: L. MICHEL, E. FERRIER, D.BIGAUD, A. AGBOSSOU,
2007), in order to minimise the cost. Besides, this column/slab intersection needs only a

strengthening of 0,152MN.

The thickness of the sheet is 0,762mm, which is the smallest one found in the market. The
formula presented in chapter 2 is being used for the calculation of the sheets’ strength. The
sheet is applied to the whole surface that needs strengthening (Figure 24 , Arrangement (a) ).
Furthermore, the resistance of the sheet is not isotropic. It depends by the orientation of the

fibres and the forces. We calculate:
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Uy, *tekn 07,90 Or0
de'fzf* frixny  Of i

X Uy *¥r 2%cy 2%c
2.5  5,242m=0,000762m+1  (1050MPa , 49Mpa
S Vpaf = T * *( )=1,65MPa
: 1 5,242mx1,15 2%0,6m = 2x0.2m

VRd,f*U1* deff  1,65MPax5,242m+0,291m
B - 1,15

= VRd,f = 2,18MN

= Veay =

This is largely superior to the resistance needed and the resistance criterion is satisfied.
Furthermore, the sheet must be anchored to a length of 0,20m outside the first control
perimeter in order to have an outer control perimeter bigger than 6,323m as presented in
chapter 4 (refer to figure 26). This is the outer perimeter where the concrete must be able to
resist the punching shear stress without the additional benefit from the FRP sheets. The area

of the sheet’s surface can be now easily calculated. The area is equal to A = 3,80m”.

5.2. Case of carbon crossed strips

In paragraph 6.2., we can observe that the punching shear resistance provided is largely
superior to the one required. The use of crossed strips (figure 24 , arrangement (b) ) instead of
a solid rectangular sheet of carbon fibres has the advantage of optimizing the quantity of the
material used and consequently the total cost. In addition, the orientation of the carbon fibres
is always parallel to the length of the strip. This means that the characteristic resistance of a
strip is always equal to the longitudinal tensile strength of the carbon fibre polymers
(1050MPa for this case). This applies to all strips (oriented at 0 or 90 degrees), as the carbon

fibres are always oriented towards the same direction (0 or 90 degrees correspondingly).

In this case, the transverse tensile strength, which is very low (49MPa for this case) is
irrelevant to the problem. This is another advantage of this method.

The formula presented in chapter 2 is being used for the calculation of the total punching
shear resistance of the strips. We choose to dispose 5 carbon strips in each direction. Each
strip has a width of 5cm and a thickness of 0.763mm. The total resistance of the strip can be

now calculated:
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Vrd,f = VRa,fy t VRa,fz =

Y Uy py k Wy *tpy x Ty ,
=% 2 *fra+ —* 2
X Uy * Yr * degr X uj

2.5 0,25m=1m = 0,000762m
—
1 (5,242m)?2x1,15%0,291m

* 1050 MPa = 0,115MPa

and thus :

Vpaf * Ur * degr  0,115MPa * 5,242m * 0,291m
VRd,f = ﬁ = 1,15

= 0,153 MN

,where the variables are the same as in 5.2. except for:

and uy ry = Uy, =5%4x0.05=1m

In this way the total punching shear resistance of the slab is calculated to be
Veacr = Vrac + Vray = 0,728MN + 0, 153 MN = 0,881 MN > Vg4 = 0,880MN

This solution is adequate and economically optimal.

We calculate the total area of FRP carbon sheet used as carbon strips. The required length of

anchorage l;nc = 0,20m calculated in paragraph 5.2. is equally taken into account :

A=5%0,05mx*(cl+2x*2d+2x*lanc) +5* 0,05 * (c2 + 2 x 2d + 2 x lanc) = 1m?

, Where:

cl and c2 are the column dimensions equal to 0,6m and 0,2m correspondingly
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d is the effective depth of the slab equal to 0,291m

lanc IS the required length of anchorage equal to 0,2m

In the case of strips we use 74% less carbon sheet (1m? instead of 3,80m?) than in the case of

a solid carbon sheet. This solution is more optimal in terms of economy.

Configurations possibles des renforts composites
|

J'

I I
I
. ;I |
Wil B i
ERRRNE
| ‘g

Possible arrangements of FRP solid sheets (a) and crossed FRP strips (b) as presented

in chapter 2, figure 24
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5.3. Comparison of the punching shear strengthening methods

In this paragraph, we will compare the conventional and the innovative punching shear
strengthening methods presented in chapters 4 and 5.

A) Comparison in terms of economy
We assume the prices below for the steel shear studs and carbon FRP sheets. These prices are
indicative as they can change at any minute depending on the trends of the market and the
supplier :

o 12£/kg=1,72 euros / kg for the steel shear studs (Source: Pell Frischmann)

e 6 euros / m? for the FRP carbon sheets (Source: http://www.alibaba.com/product-
detail/Carbon-fiber-reinforced-polymer_1749666274.html)

e 1,8 euros/ kg for the epoxy resin used to bond the FRP sheets to the RC slab (Source :
http://www.alibaba.com/product-detail/Price-liquid-epoxy-
resin_60213594608.html?spm=a2700.7724857.35.1.x204ls)

In chapter 4 we added 36 shear studs of diameter 8mm which weight 0,395kg/m. For the
effective depth of the slab (d=0,291m) we calculate the total mass of steel needed:

0,395kg
W =36 *%0,291m * 0 = 4,138kg

This mass corresponds to a price of 4,138kg*1,72euros/kg = 7,11 euros.

As far as the FRP carbon sheets are concerned, in chapter 4 we calculated a required area of
A=3,80m? that needs to be applied in the case of a solid sheet. This corresponds to a price of
3,80m? * Beuros/m® = 22,8 euros. This solution was optimized by using carbon fiber strips.
The new required area is equal to 1m? which corresponds to a price of 1m**6euros/m? = 6
euros. Assuming that the density of the epoxy resin is equal to 1,1g/cm® and its thickness is

Imm (source: http://www.netcomposites.com/calculators/resin-formulae), the epoxy resin
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will cost C = 1m? * 1mm * 1,1 g/cm® * 1,8 euros/kg = 2 euros. The final price of the

optimised FRP strips, including the use of the epoxy resin, is 6 + 2 = 8 euros.

We conclude that the conventional method of using steel as a method of reinforcement is
more economical in the short term. However, if we take into account the fact that the FRP
sheets are highly anti-corrosive, the carbon fiber polymers can be considered to be more
economical in the long term. Besides, the use of FRP has emerged in the past decade as the
most promising new technology in construction to overcome the problem of corrosion. In
addition, the price of 8 euros is not much superior to the steel solution which costs 7,11 euros.
Thus, the use of FRP sheets is definitely the recommended solution if we take into account
the fact that it is the most durable one and can also be used to quickly repair and reinforce
existing structures. Besides, in this case the labour costs for providing conventional steel

reinforcement would be extremely high.

B) Practicality and use

The use of FRP sheets is definitely more practical, as it is a very quick method for
strengthening different structural elements. The sheets are glued-bonded externally to the
structural element with the use of an epoxy matrix. This technique also offers the unique
possibility of strengthening easily existing structures that need additional reinforcement. This
would be extremely difficult with the use of the conventional methods. Furthermore, the rapid
application/bonding of FRP sheets to the structural element reduces the hours of labour and
consequently the labour cost. This is another advantage of the method which indirectly affects

the overall economy.

5.4. Summary

In this chapter, the innovative solution of using FRP sheets to prevent a punching shear failure
was demonstrated. The theoretical formulas were applied to a specific column/slab interface
in the first floor slab of Saint Cross College. The innovative solution was economically
optimised by using FRP strips instead of a whole solid sheet. The solution was then compared
to the conservative solution of steel reinforcement. It is suggested that the FRP strengthening
method is more practical and economical in the long term, however the decision is subjective

and relies on the priorities of the client.
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Conclusion

This dissertation concerned the detailed design of flat slabs of the building «Saint Cross

College» in Oxford, the structural study of which is being conducted by Pell Frischmann. The

thesis also includes research on the punching shear capacity of slabs which was presented in

chapters 2, 4 and 5. This paragraph summarises the results of our study and presents the main

conclusions:

Generally, a flat slab is thicker than an equivalent slab supported by beams. However, the
thickness of the flat slab is smaller than the overall thickness of the equivalent regular slab
plus the height of its beams (refer to chapter 1). This leads to the optimisation of the
interior space of the building which makes flat slabs a very common and desirable

solution.

In our building, the vertical misalignment of the columns, walls and shear walls between
floors led to the additional loading of many slabs, as they had to transfer the forces of the
columns above the slab to the columns below. In addition, the slabs of the building are flat
and directly supported by columns without the use of any beam. Consequently, the
required longitudinal reinforcement of most of the slabs was very high, as presented in
chapter 3. Also, the misalignment of the columns created the need for many punching
shear verifications and additional punching shear reinforcement. This led to a required
reinforcement ratio of 170kg of steel per cubic meter of concrete. We conclude that it is
preferable to avoid designing a slab that acts at the same time as a flat and transfer slab.
The good communication between architects and civil engineers is a prerequisite for

achieving this task.

The methods of providing additional punching shear reinforcement to a flat slab include
(as presented in chapter 2) the use of different types of steel reinforcement, the use of FRP
sheets, the use of concrete of better quality, changing the dimensions of the column or the
slab, the use of local column heads and some prestressing techniques. As long as the
section fails at the basic control perimeter, the use of steel or FRP sheets is an acceptable
solution for providing additional reinforcement. However, when the section starts to fail at
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the column periphery as well (see paragraph 2.3.2.) the only solution is to change the
dimensions of the column/slab intersection or increase the quality of concrete.

e According to our research the radial layout of punching shear reinforcement is structurally
more efficient than the orthogonal layout for internal columns (please refer to chapter 4).
However, the orthogonal layout is more practical and easy to install on site. For this
reason, we concluded that when the provided reinforcement occurs to be the same for both
layouts the orthogonal layout is preferable. This applies to small punching shear loads.
For bigger loads, we concluded that the effective outer perimeter provided by the
orthogonal layout is not enough to resist the punching shear stresses. The radial layout

must be used in this case.

e An innovative method to increase the punching shear resistance of a RC slab is to bond
externally FRP sheets. Strengthening slabs with FRP sheets is simple, does not require
excessive labour, does not affect the architectural character of the building and offers the
unique possibility of repairing existing structures very quickly. In addition, the use of FRP
sheets is considered to be a very promising technology for overcoming the problem of

corrosion.

e In this thesis, the FRP method was compared to the conventional method of steel
reinforcement (please refer to chapter 5). The results showed that the two methods are
comparable in terms of economy. A further economic optimisation of the FRP method
was achieved by using crossed FRP strips instead of solid FRP sheets. This strategy
reduced the total area of the externally bonded FRP sheets which consequently led to a
cost reduction. Furthermore, if we take into account the fact that the FRP sheets are highly
anti-corrosive, the FRP solution can be considered to be more economical in the long

term.
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APPENDIX A: CALCULATION OF REINFORCEMENT TO RESIST TORSION
FOR GROUND FLOOR BEAM GL38

The calculations are done according to Eurocode 2 paragraph 6.3. The longitudinal and shear
reinforcement are firstly calculated for a beam without torsion by using the software Tedds
developed by CSC. This calculation is done according to Eurocode 2 and is presented in the
end of the appendix. Then, according to Eurocode 2 paragraph 6.3. an additional longitudinal
and shear reinforcement must be calculated in order to resist the torsional effect. The
analytical hand calculations are presented in this appendix. Also, the detailed section in scale

of the beam with its reinforcement is presented.

The Scian Engineer ULS output for ground floor beam GL8 is:

Figure 56, Bending moment My in beam GL8
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Figure 58, Torsional moment Mx in beam GL8

The detailed hand calculations are now presented.
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W' = 2-(1%00-226] 4 ?-léaﬂ—ﬂg)il{i@ﬁnm

8:-4s° 5 wto=1.
Sh - 031 i

Finally

2T h = BU00nm

Y%s - 10~ w/m‘mf

Pell Frischmann Hﬂtfw’u
CALCULATIONS e S 33155 (J[Eﬂe '''' 72/03/15
S 2{{ J:}'E’H n. by k,-i-- Ched
B J,J)ﬂﬁll‘l'l.'l(hﬂdl ﬁénrﬂrr’cﬂ’ﬁt _;af forsion 2 Asl
TA L - Fud = T84 (ot @ - Uk
s Y Zf‘d'“ : f
where F'jJ - FGGHF%,H 2hiile
Ted kN
== < 034 "Noam
2hAv 056 "
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Ref.

. ih
Pell Frischmann Mé VA
CALCULATIONS st &t [ poss lollese | =03 /53l
Sutnct FJ(./: bé’dm -'“]f’gﬁh b K.L Chind

s Shar anl  dorsion

e Pl conbtin shald be sssfel
TEJ/TLJ;M# + YEJ/\{PCLHM <1

where ~Ted= WO KNMW.
= M/EJ = 430 kN
~TRLmax = 2V 0cu fed Atk Sinfeost

- Vidynak = 00w b2 V1 fed /(61 tHanb)

—_—

We falmlm; Py ] Cofco l bo

¢=Q6-[1- 55 - |08

Vi=V (’J-%‘d) = yy=v =0,8Y
o

Bew = i, E‘GT hnﬁ"]?l'?ﬁ'h{anZJ Shyctures

40 N e g
_TEELFIJ-F -:q,"[q,él{.ii -;'1:5_ ‘Fl-lﬂﬂ' 6221& mHI ?2@;-

D Ted may = 3160 KN« m.

n 'Sjﬂlrfof@ftf!
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> Vedwx = 14499 KN
The , we wriFug 1t :

V. J
Ted /TRJ,rux t E)/Vpl,rw 3

260 41130

The tections resistance 4o Shear ond
Tofsin is not exceeded,

Pell Frischmann 433;004
CALCULATIONS e Gt /s Colleae 1™ D3/03Mg
s |14 L&Jes{;h . "y o
'5Lmr ,ml forsn
24 |_
2e09) = g5 (40075~ 2 )= S23em
w\\e(c Lodmn is the heigh of 4o boam
75 ma s the consilopd cover +o fenbortamn
in the underside of beam
W1 s the radivs of HAZD bap.
We ;‘GVC Hat ¢ W),
Y=
Yid, may =|4'i‘500hn 523nn‘(9,‘3q‘;‘;"%atll§ +bnYS)
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Pell Frischmann

AT 20390

Chaad Mo

25

We cfoose & stiffup pf H;?g & 7 50mm

ril'|'=[ r’; dir u .E'.}.!.cll

" |
BDO Mn /Ja’l adiona |

P
refolorcenent  for the il

i i | Ia
teaj €95 D]
|

]I}?O? .fr}lﬂm 0l & 'IIME le} pepment  1243d T

| h ‘I'h) Lasd 9 |Jq|? :’ Neay i"r:'I ! jl o ¥ Ppo it

' By i _ .

_-'_, ::-'i I]" I,-"':Ilr.-:'i"'ln_ —I-'?‘ rf'n"f‘.'f- i “+ pp {:f |lL_;l._/__'n-:_r'rl.:- ;.-'__,Jl.:“.-'
| . \ [

choar and Apsipnl  eileas,

Faf

i

H -'J1
AS, Prav = .

the the

1
Ee"’ﬁp‘/mi

Al p

-

CALCULATIONS . _,J{ﬂlﬂ-ll (;’;ﬂléf 'fe || e e - Q’ﬁf.}lfff'
= 17 Tan Lo i -
R, —. }1|i rI| JI- i7an, _,Jh‘ 0 af [I_:,rllr Hn je st 45 ,I'rig'lJJ'?

ﬂHHm
Asw_ . Tel M —_”‘_q—
5 Lyt
f ‘A e ?r'ju lot@ ? ({?‘?J 81 So0 i i

/
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Propec!/Coke Now

be cliS’mbx’fei ovel er [eajf'h of each SiJe,

The Tewsinng 3400~ 22" MY = 21YYnn?
Wil be alld 1o the +hp and botbom
lgp‘:’,tq,}ml '(eingam’ng Laﬁ:

o LAU4/p = 1070mmt o He top

e W) = forlant 4o {he botom.

Find“g,ﬂe 1L0+a[ sedin a‘F HC r&’ur’r(’J
Yt’ufﬂcemfnt (inclq‘liq tHhe reinfwenen% M?eclej.

 resist to bssjan) 5
= = = 3 ¢
AS’MLTof Mio+1077 = B)87 mn

- As, teqp,r = 390 o717 Y476 nn’

Pell Frischmann ffﬁ%?’"“
CALCULATIONS =Y A [{P}Q w0 1f0 315
et YL ppam Je}j}n v KL o
A(wljias 1o our Iesalt ”0 {onj,f'ul.u( rfir."jj(/mm
Shwu be ineressel bj ZAs( = 3400 mn .
We Aso,c 4o (l'DPOSC .,9 bAIS of ”AZ)
on each yertical 6(‘30 .9{) H_(» g@ch'on/
05 the (on3i’tul;hl rehformen’t for orsian <hodl jereid g
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, Af303ov4A

Pell Frischmann bt
CALCULATIONS o St Cnss (ollore v 2308 s
i PC beam Jesign o fL o

R

- Bottom yeinfs reement: |
The Ireinferﬁfunt Prﬂlr;'JfJI In “:‘T. );e,g;:m'aﬁ
I cnll iqur;f.Pni' for paj reeds 10 Foxsion 45

1
/"'-Zy prov, BoT ~ Hlﬁﬁmi = Aﬁr}rﬁpi’ ROT :q,’l?b’mm

- Top relnforcerent :

we us€ the Seme el rzenert as st {he f;ﬁ*ﬂh
h'j} ]’D“Jiﬂj Is bars of WA with a
Cpaciny of 130! Thes the avea of {ho piovided
(eip dwemeny 5 °

AS, oY, 1oy = 4336 mn > A5 req rpp= %187 mmt

The ’?LM win-fnrr?nem [epas he same

Te detalls o 1le ’mgiimlfhf [eippuenent
are preserted ot sheet namber 10.

n the U ftﬁﬂi“ﬂﬁ e ol prer 1o ¢jde
reaforcement will Finally be Cpom 5= 83mm,

This s .E‘;{Fl‘dllhtj BU) the ot flat we now fale into
ansdasion the radivs ol the A% bars I-.~f-"r.ic|f'|
05 E‘ﬂllml o 41 7mm.

LYTOS Konstantinos — Département Génie Civil et Construction

98



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

The detailed section of the beam with its reinforcement is now presented.

olc No.
5 %39%(/(
Pell Frischmann =P
CALCULATIONS = Zuint (1955 Collpae =N f03/1S
Subject K( L)(’z.lh‘l Je)I\n by yL Ched
Red, Outout
- 600mn
: N ——+
& P \f ¥
RN\
e _fl |
2L i g B e
BE ¥ ;
TE ®) 0%
=
=% ') o
5.
b - D e
o= oy
> s
% 1 O o
% [} =
3 - O O ‘;j;;
! | S
{ ®) o 3
EY i
" &) ql|z
ST — % o Qll~
<. = , 2
e N . 2
| .
ne © o oo
- 1 0 :
s Z S
= S ‘D
ﬂ - Q
5 - N
S Fiel & 9|
elf 5]
T TR
‘X s W
D = <
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The Tedds software calculations are now presented.

Telg' T St [rqs (;I'e:,e J,:ib".f"iaaau& B

Cales fa Slaf page neRewision

Cales

' Eﬂf E)E'ah‘l P54 N 1

Cales dala Chacked by Checked date Approved By fupproved dete
K 230032015

Bottom bars and shear reinforenent

RC BEAM DESIGN [EN1992-1)

In accordance with UK national annex

Rectangular section details
Section width
Section depth

Concrele strength class

Characieristic compressive cylinder strangth
Characteristic compressive cube sirengih

Mean value of compressive cylinder strength
Mean value of axial tensile strengih

Sacant modulus of elagticity of concrate

Partial factor for concrete (Table 2.1M)
Compressive strength coefficient (cl 3.1.6(1})
Design comprassive concrele strength (exp.3,15)
Maximum aggregate size

Relnforcement details

Characteristic yield strangth of reinforcement
Partial factor for rainforcing stecl (Table 2.1N)
I:Ieslgn ylald strangth of reinforcemeant

Nominal cover to reinforcement
Mominal eover to top reinforcement
Mominal eowver o bettom reinforcemant
MNominal cover to side reinforcement

(For beam withat osion).

TEDDS calculation version 2,118

b= 1900 mm
h = 600 mm

Concrete details (Table 3.1 - Strength and deformation characteristics for concrete)

C40/50

fox = 40 Nimam?

T ea = 50 Nimm?#

fem = fow + 8 Nimin? = 48 Mimm?

feam = 0.3 N o (£ 1 NImMmE 22 = 3,5 Nimm®

E. = 22 kNimm? » [ 10 Mimm ' = 38220 Nimm?
e = 1.50

e = 0.85

fon = thee » /e = 22.7 Wimm?

Nagg = 20 mm

f,. = 500 NUmm?
=115
T i ys = 438 Nimm?

Cran_ = 35 mm
Coge 2 = TS MM
Cnem_ s = B8 MM

l _

10 x B shear lags &l 250 oo

Redistribution ratio

Lewar arm
Depth of neutral axis

PR 14 x 20¢ bars
4 _— 1 800— S -+
Rectangular section in flexure (Sectlon 6.1) - Positive midspan moment
Design bending moment M = B50 kiNm
Depth to tension reinforcement @ = = Goeer_b = o~ s § 2 = SOT MM
Percentage redistnbution me= 0%

§=min{1 - m,, 1) = 1.000
K=M/(b=d«f)=0.033
K'=0.508 = &- 0,181 = § - 0.21 = 0.207

K'=> K = No compression reinforcement is required
z=minfd / 2}« [1 #({1-3.53 x K55, 0.95 » d) = 482 mm
¥=25x{d-z)=63 mm
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Job ma.

T-_-dg it s C”“fﬁﬂ AsosovAt

Cales far ) Start page noRevision
f? 4 lyfa m (J 519N 3
Cales by Cales date Checked by Checked cale Appraved by Appraved dabe
K 23032015

Minimum allowable bottom bar spacing
Minimum top bar spacing
Minimum allowable top bar spacing

S el min = MaX{duot, Magg + 5 mm, 20 mim) + dua = 45 mm
Bagomin = (D - 2 % Coan_s = 2 % @y = Giog) | (Mg - 1) = -1682 mm
Saar pmin ™ Mg, Nagg + 5 MM, 20 MM) + g = 37 MM
Fﬁ_ - Minimum allowable bar spacing exceeds top bar spacing

fAss, These calwlations do ot (oncern
top bers.
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Te'%' ™ Saint (ross /i,{(g;]e

AT10%p YAk B

Y })f.m -r].[fiijb’i

Start page naRevison

1

Calcs by Calcs dale Checkad by Checked dala
K 23032015

Approved by

Appravad dabs

RC BEAM DESIGN (EN1992-1)

In accordance with UK national annex

Rectangular section details

Rectangular section in flexure (Section 6.1) - Negative span moment

Diesign banding moment M = 350 kNm

Depth 1o tension reinforcement d = h - Cogm - = e | 2 = 549 mm
Percantage redistribution m-= 0 %

Redistribution ratio & = min{1 = m, 1) = 1,000

K=M/(bxd=fu)=0015
K= 0.598 = & - 0,181 = & - 0.21 =0.207

Depth of neutral axis x=2.5ux(d-2) =69 mm

Tﬂl’ pers and Sﬁear feim foreenent
(Fﬂr beam without torsion)

TEDDS salouation weraion 2,115

Section width b= 1900 mm
Section depth h = GO0 mm
Concrete details (Table 3.1 - Strength and deformation characteristics for concrete)
Concrele sirength class CA40/50
Characieristic compressive cylinder strength T = 40 Nfmm?
Characleristic compressive cube strength o oune = 5O Nimm?
Mean value of compressive cylinder strangth fon = T + 8 Nimm? = 48 Nimm?
Mean value of axial tensile strength fam = 0.3 WImM? « (£ 1 WImm#PE? = 3.5 Nimm*
Sacant modulus of elasticity of concrete Ewr = 22 KNI x [fon10 Mimm?*2 = 35220 Nimm?®
Partial factor for concrete (Table 2.1N) e = 1.50
Compressive strength coefficient (cl.3.1.8(1)) o = 0.85
Design comprassive concrele strength (exp.3.15)  La= o« fn /yo = 227 Nimm?®
Maximum aggregate size PNagg = 20 mim
Reinforcement details
Characteristic yiald strength of reinforcament fr = 500 Nimm?
Partial factor for reinforcing steel (Table 2.1N) re=1.18
Design yield strength of reinforcemant fea = fia £ ys = 435 Nimm?
Nominal cover to reinforcement
Nominal cover to top reinforcament Cnam_t = 35 mm
Mominal cover o bottom reinforcement Coem_ v = TS5 mm
Mominal cover to side reinforcement Laee_s = 35 MM

T —————————————————— ‘ 14 & 16y bars

§ | 10 x 8y shear legs at 250 ofa

|
3 _ |
- 18900 — —

K'> K - No compression reinforcement |2 required
Lavar arm F=min({d/ 2) = [1+{1-353 = K)"|, 0,95 = dj = 522 mm
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i ™ Lot (oss Collese V13090 yAA

Calca for Stan page no/Ravision

&f ]aﬂ;m JE’:‘«'qh 3

Calea by Cales data Chacked by ol Chacked date Approved Dy Appreved date
K 231032015
Minimum allowable bottom bar spacing S permin = MAX Gz, Pagg + 5 mm, 20 mm) + e = 50 mm
Mirimum top bar spacing Sroprn = 1D = 2 % Cpam_s = 2 % dy = Bigp) / (Mg = 1) = 128 mm
Minimum allowable fop bar spacing St ioprin ™ MEX{ g, Nagg + 5 mm, 20 mm) + e = 41 mm

IL - Minimum allowable bar spacing exceeds botlom bar spacing

PASS - These m[.ﬂula tions do pot
fonem  hottom bars.
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APPENDIX B: PLANS AND SECTIONS OF SAINT CROSS COLLEGE
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Figure 59, Saint Cross College plan, Basement

104

LYTOS Konstantinos — Département Génie Civil et Construction



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

SRR UNENETIM 1IN

S
L 255 11 i
e

uubwyssiig |1ed

Hamaer mg e prn s s

Figure 60, Saint Cross College plan, Ground floor
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Figure 61, Saint Cross College plan, First floor
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Figure 62, Saint Cross College plan
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Figure 63, Saint Cross College plan, Third floor
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Figure 64, Saint Cross College plan, Roof
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Figure 65, Saint Cross College section
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APPENDIX C :ULS OUTPUT OF SCIA ENGINEER

AT 13 _STX
2 FLOOR HLAB
210415

2nd Floor (ULS Moments)

. 13.40
8Ba 5.35

12.14
8.53

s N 26.78

19.98
15.40

mx-max [kKNm/m]

7816

Figure 66, ULS output of Scia engineer fot the second floor slab (direction x)
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2nd Floor (ULS Moments)

Figure 67, ULS output of Scia engineer fot the second floor slab (direction y)

At STx
2 FLooR. SLw mx [KNm/m]
(Gebasey 155mn) :zr;
0004 I ] \ . s 4 won
v ) 30.00

3000

-60.00

~ 90,00

= 12000

-

3rd Floor (ULS Moments)

Figure 68, ULS output of Scia engineer fot the third floor slab (direction x)
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3rd Floor (ULS Moments)

Figure 69, ULS output of Scia engineer fot the third floor slab (direction y)
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APPENDIX D:

SAMPLE CALCULATION OF

THE

LONGITUDINAL

REINFORCEMENT OF THE FIRST FLOOR SLAB ACCORDING TO EUROCODE

2 IN TEDDS SOFTWARE

Promct

Tedds'

Calcx for

Cmieaby

Cmice cate

Q5082015

Chacked by Chackes dae Aggroved by

RC BEAM DESKEN (EN1352-1}
In accordancs with UK national annax

Rectanguiar saction detals
Saciion wikim
Saction depth

Concrete strengm class

Craracieristic compressive oylinder strengh
Craracieristic compressie cube strength
Mean value of compressie oylinder strengh
Mean valee of axlzl l2ns lie strengh

Secant modulus of elRstic Ry of concrete
Panizl factor for concrete (Tablke 2.1N)
Compress e strengi coemmiclent (sL31.6(1))

M Imum aggregate skze

Relnforcement detalis

Craraderisiic yleld sirengh of relnforcement
Pariizl tactor for relnforcing steel (Tabke 2.1M)
D ign yleld strengih of relnforcement
Nominal cowsr to rsinforcsmsnt

Mominal cover o lop relnforcement

Mominal cover io boltiom relnforcement
Nominal cover o side relnforcement

Desbgn compressive concrate stengi (2xp315)

TROOS ceicumbion version 20,13

0 =1008 mm
n =225 mm

Concrets datalls (Tabks 3.1 - $trangth and deformation characteristics for concrats)

C4Ws0

foe =40 Mmm*

fera = 50 N/mMmE

o = T + S N'TME = 43 N'mm2

T = 03 MMME = (L) 1 WMMEES = 35 Nmm*

Ecm ™22 KN/MME = [Tn' 10 W/mmM)es = 35220 Kmm=
7e=1.50

O =085

L= oo = T/ 7o = 22T NmAE

Mlagg ™= 20 MM

L= 500 N'mm=
7a= 113
=T/ % =435 Nmm=

G r = 35 MM
G = 35 MM
Cram_s = 35 MM

!
g

)

2 % By shear legs &t 75 o'

Design bending moment

Depm 1o %2nskon reinforcement
Percantage redistribution
Fedistrioution ratlo

Leveramm
Depmn of neutral axls
Area of enskon relnforcement reguilred

Rectanguiar saction In fexurs [3action &.1) - Positive midspan momeant

7« 164 bars
1000 o
W= 30 ke
0 = = Goae = by~ e 2= 1TH I
M= 3%

5= mifl-m. 1)=1.000
Kom ) [0 0= ) = 0074
K'=0528 =5 -0.151 = 5 -0.21 =027

K= K- HD{!DII'."FH-EEJD!." reinforcementis m[f{.'].l'ﬂ!
Zmmid ! 2} [+ (1 -353 = K}5], 0.95 = d) = 162 mm
K= 25w (d-Z)=31mm
Pupsg =W Lo = Z) = 1250 mme

Figure 70, Tedds sample calculation page 1
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Area of ienskon relnfrcement provided
Minkmum area ofreinforcement (2xp9. 1)
Macmum area of relnfrcement (219.2.1.1(3})

Rectanguiar section In shear [3action s 2)
Deslgnsnearoros 2t 5pan &1

Angle of comp. shear sinad for maximum shear
Maximum design shear forgs (2xp 6.9)

EQﬁsﬂeartrﬁ

}ealgﬁsﬂearstress

Strengh reduction Scfar (6.2 3(3))
Comprass kon chord cosffickent (2L6.2.3(3))
P.."'IQE of concnele compression stnot :Cl B.2.3)

Arez of shear relnforcemant reguired (exp 6.13)
Shear relnforoement provided

Area of shear relnforcement provided

Minkmum area ofshearreinfrcement (exp 9.5 M)

Maxmum bongRudingl spacig (2p 9 6N

Crack controd (Saction 7.3)

Maximum crack widm

Des igavalkie moduks of elasticRy meinf (3.2 7 (4)
Mean valke of concrefe enslie strengin

Stress distribution coeficlent

Mion -unifarm sz B-egulli rating stress coeickent
Actual tenshon bar spEchg

Macmum siress parmiied (Taoke 7.3N)

Concrete o seel modulss of elast @l

Distance of the Elzstic MA from boSom of beam

Area of concrefe n e ienslie 2one
Minkmum area of relnforcement reguired (exp.7.1)

Quaskpe manent limE siate moment
Pemmanent kbad atio

Zenlcs stress In relnforcement
Maiimum bar spacing (Tanlkes 7.3 M)

Minim um bar spacing
Minlmum bofom bar spacing
Minimum allowable boRom bar spachg

ot J=k =
Tedds
Cmkcx for Sart page no. RevEon
2
Cmkca by (= P =] Checkas By Checkes duta Aggoved by Agproves cute
K Q5032015
Tenskan relnfarcement provided 7T=164bars

By o= 1407 mme
A =MEL[026 = iy | T, 00013} b d = 317 mems
A= L0 5 B 2 = 9000 MAR

PASS - Arma ol minforcamant proviged s groamr than area of reinforcamant required

W e = FOS(MEV 01 _rmges Vsl = DKM
B = 45 dig

Wodme =0 = =Wy = Tl

[Somsc) + BN (D)) = 524 KN

PASS -Deslgn shaarforcs arsupportis less than mavimum ceslgn shaar force

Vgm0 kN

Vga= Vg ! [0 = T} = 0000 WmmE

V= 06 = [1 - T /250 WM =0 504
Fon =100

8= MM (D5 = ASIITINZ = Vga ! (o = Ga= W 01)], 21.3 dag), 4500g) = 21.8 deg

Agrg™=Vga= 0/ [Ta= CO(E)) =0 mm&m

2= 34legsal 7S o

Agigea = 1340 mENZM

Agrse ™ 008 WUMME = B o (L)1 WMARES 11, = 1012 mmsm

PAES - Araa of shear minforcamant proviced axcoads minimum reguired

S ™= 075 = d = 131 mm

PASS - Longimrainal spacing of shear einforcement prov oed Is |ess than maxlmem

We=0.3mm

E, = 200000 M'mm

Trar = Lo = 3.5 NTAE

k.=0.4

Kk =minfmax{1 + (300 mm -min . 0)= 035/ 500 mm, 0.65), 1) =100
Sae ™ (0 = 2 2 ([Cocen_p + Do) = rad | (Mhoce= 1) =150 mm

cy = 280 Nmm=

Oer = Ey | Ecn™ LS

YD P2 A = (= 1= P -d) ) D= A+ B = (O - 1) =
111 mm

A=D = = 110751 mms

B ™ = K= T = B oy = 555 MME

PASS - Ama of mnslon reinforcement provoed excesds minlmam regwed for crack conomal

Mee = 40 KN

Foy = Mez | M =044

Car= Lo Aurg | Bugen = R =178 Wimme
N

PASS - Marimum barspacing exceads acwal bar spacing forcrack con ool

Seanein ™[0 =2 = Co g =2 % = duaad | Moo= 1) = 150 mm
St buaorad v ™ M (bros Mgy + 5 MM, 20 M) + fpo=41 mm

Figure 71, Tedds sample calculation page 2
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APPENDIX E: PUNCHING SHEAR CALCULATIONS FOR COLUMNS C3-02, C3-
03, C3-04 OF THE FIRST FLOOR SLAB

Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m pac Made by Date Page
Tme te Cerire
Location  C3-02 onerete KL 05-May-2015
_ PUMCHING SHEAR ta B:S EM 1992-1; 2004 INTERMAL | Checked Revision Job Mo
euUn0-
cgde! Originated fram TCC1Z.xlzm wh.9 on OO 200315 TS COLLMMN A12T713
MATERIALS fu MMM 40 STATUS }EGEND N
fe WM 500 VALID DESIGN " |
Steel class B % H
HE
DIMENSIONS A mm 200 E mm O . &
Jf B 'F ¥
B mm G00 F mm O i
G mm 0 H mm O =
- E »
LOADING Ves kN T8S 2
ult UDL W¥m* 000
&= 1150 braced structure, adjacent spans d
SLAB dz mm 298 Asz ~ mmim 754 inB+6d px=025"
o mm 350 dy mm 284 Asy  mmi/m ] in &+ Gd py = 0.000
d mm 291 100pL % = 0.000
RESULTS BVes= 902.8 N VRic= 05476 MNmnt Egustion (6477
At col. face, vEd = 1.939 MNmm* At 2d perimeter, Ves s = 0.5901 MNmm®
Uout required = 5666 (= See Fig 6.22B) sustion 54/
s ™,
SOLUTION Fig 6.22 (B)
12 link spurs of 3B8 @ 215 36 links
St (average)= 260 mm Sr= 215 mm
Asw/Srreq = 1.949 SEESA RN
Asw/Sr prov = 2806 mm
First link perimeter 145 mm from column face
Outer links at 575 mm from column face
Uout= 7151 mm = 5,666 mm SPUR ‘ ‘ ‘
See GEOMETRY page for link locations. PLAN
Some links shown may need to be re-located to avoid holes. ~ S/
Figure 72, Punching shear verification for column C3-02
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Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group (m Pa Made by Date Page
Location  C3-03 R 05-May-2015
FUMCHING SHEAR ta BS EM 1332-1: 2004 RE-ENTRANT Revision Job No
euno-
GDC'E — Originated fram TCC13lsm w43 on CO zonz1sToe COLLIMM ] - A12713
MATERIALS fck Nmmt 40 STATUS LEGEND
fyk Mmmt 500  VALID DESIGN ( _ )
Steel class B 2 H
D C - A L] DG
DIMENSIONS A mm 200 E mm 0O Y .
B mm 600 F mm O y B [ B
L]
C  mm GO0 G mm O
D mm 150 H mm 0 (.\ E .
z
LOADING Ves i 2850 | L |
utuDL ket 0.00 :
= 1275 braced structure, adjacent spans differ no more than 25%
SLAB dz mm 170.5 Asz ~ mmim 1340 inB+6d px=0.78¢
h mm 225 dy mm 1515 Asy  mmim 1340 inA+6d py=0.884
d mm 161 100pL % = 0.834
RESULTS BVes= 3634 kN Vrae= 0.7725 MNimm J—
At col. face, vEd = 1.411 Nmm® At 2d perimeter, ey, = 06229 MNmn?
Uout required = 1600 (= See Fig 6.22B) spusins s
- =,
Mo links required J
SPUR
PLAN | | |
A8
Figure 73, Punching shear verification for column C3-03
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Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group (m Pa Made by Date Page
Location  (C3-04 i (TS 05-May-2015
PUMCHING SHEAR to ES EM 1332-1: 2004 RE-ENTRAMNT Revision Job No
eurno.s N
COdE"™=  niginsted irom TECH sism b 8 on £ @ 20035 Tce COLUMN 0 - A12713
MATERIALS fck  Wmmt 40 STATUS LEGEND
fyk Nmm 500 VALID DESIGN ( _ B
Steel class B c ; H
D - - D G
DIMENSIONS A mm 200 E mm 0 * .
B mm 600 F mm 0 y-B - D.F Ly
C mm 600 G mm 0O :
D mm 150 H mm 0O (—:‘ E i
LOADING Ves W 2100 | : )
ult UDL kWi |D.DD _| .
= 1.275 braced structure, adjacent spans differ no more than 25%
SLAB dz mm 1705 Asz  mmim 1340 inB+6d px=0.78t
h mm 225 dy mm 1515 Asy  mmYm 1340 inA+6d py=0.884
d mm 161 100pL % = 0.834
RESULTS PVes= 2678 kn Vege= 0.7725 MNmm® Eopuastivr (5 AT
At col. face, vEd = 1.039 Nmm At 2d perimeter, veg g = 0.4590 Nmm®
Uout required = 1600 (= See Fig 6.22B) smsrion i 54
e =,
No links required J
SPUR T T
PLAMN | | |
L J

Figure 74, Punching shear verification for column C3-04

LYTOS Konstantinos — Département Génie Civil et Construction
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APPENDIX F: PUNCHING SHEAR VERIFICATIONS FOR COLUMN/SLAB AND

PILE/SLAB INTERFACES IN BASEMENT SLAB

The calculations for the piles performed in the software Shearail are shown below.

Pile 1

Project reference: | 212713

Project title: SAINT CROSS COLLEGE

Location: 1.1 Sheet:
Column reference: | PILE 1 Revision:

112 w

Shearail® Design to EC2
UK National Annex

Number of locations: 1

Typical section:

Rails required (per location):
10 N° off ERV78E1ADEGG

LYTOS Konstantinos — Département Génie Civil et Construction

B9 Shearail® Design Program 1o EC2, ® Max Frank Ltd 2011, www.maxirank.co.uk, Version 2.0.3.8 (15/04/2015 10:54:57)
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LYTOS Konstantinos — Département Génie Civil et Construction

Project raferance: | 212713
Project title: SAINT CROSS COLLEGE
Location: 1,-1 Sheet: 212
] o Shearalk® Design to EC2
Column reference: | PILE 1 Revision; LK Matianal Annes
Input data (Circular, internal corner):
Load Ved 1400 kN Slab depth 450mm | | Column @ (A} | 600 mm T4 reinf. | 32@150=5361 65 rl1n+‘
B 15 Top cover 35 mm Diffsal (C) Ol mm T2 reind, | 3281 00=8042 46 mrrl*
Load reduction | Mi& Baottom cower | 35 mm Ditzal (D) 530 mm Concreds | 40050
Calculation:
d= 450 - 35 - X2 - 3202 = 383 mm
d, = 450 -35- 3242 = 399 mm
= 450-35-32-322 = 3ET mim
up = (N x600) /4 471.24 mm
Pvep = 1.5 % 1400 = 2100 kMW
Veng = {2100 % 107)/ (4712380 x 383) = 11.64 MPa
fg= (1x40)/15= 26,67 MPa
VRamax ™ 0.3 x 26,67 (1 - (40 250)) = 6.72 MPa
VED o * VRdmax (11.64 > 6.72) - Fail at column face
uy = 0.5 Mx (6001 2) + 2 x 383) + (600 ! 2) + 530 + 1.5 x 383 + {600/ 2) 3378.97 mm
Chge = 0.18715= 0.12
k= 1+ {200/ 383) = 1.72
k=200 OK
Vo = 0,035 x {1.72% xja0) = 0.5 MPa
T {1.5 % 1400 x 10%) / (337,97 » 383) = 1.62 MPa
"= W{S361.65 1 (1000 x 309)) x (8042 48 / (1000 » 367))) = 0.04716
S 0.02 oK
Ypda = 042 % 1.72 % {100 x 0.01716 x 40" = 0.B46385 MPa
¥Rd.c 2 wmin therefore use wkdo for further calculations
VEd1 & wRd.c therefore Shearail® required
vEH 5 2WRde - Control perimeter DK (vEd1 = 1,92 vRd.c)
Ut recuired = (1.5 2 1400 = 107 / {0.85 x 383) = B472.17 mm
s = 500/1.15 = 434.78 MPa
fowder ™ 250 +0.25 %383 = 345.75 MPa
el 5 fywd OK
g = stud spacing along rail = 280 mm
5= miasimuim spacing between rails within control pefmeter = 543
A min = (0.08 x 543 x 280 x W40))/ (1.5 x 500) = 10257 mm?
A = ({162 - [0.75 x 0.B5)) x 337897 x 280) / (1.5 x MET5 1 12) = 150.18 mm?®
Bsw = B min therefore Asw rquiced = 150.18 mm?
Provide @14 mm studs = 153.94 mm?
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Pile 2

Project reference: | A12713

Project title: SAINT CROSS COLLEGE

Location: Sheet: 1/2

Column reference: | PILE 2 Rovisiois; | < | - eman o EC2

Typical section: Rails required (per location):
10 N° off ERV78E1ADEGG

|
|
|
|
. Y
|
.
|
.
|

9 Shearsh® Design Program to EC2, © Max Frank Lid 2011, www.maxfrank.co.uk, Version 2.0.3.8 (1504/2015 10:55:20
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Project reference: | A12713
Project tite: SAINT CROSS COLLEGE
Location: Shest 12
. o Shearail® Design to EC2
Column referance: | PILE 2 Revision = LIK Mational Annesx
Input data (Circular, internal corner):
Load Ved 1400 kN Slab depth 450 mm Column @ (&) | 500 mm T1 relnf. | 32@100=5042.44 mll"
B 1.5 Top cover 35 mm Oitset () BSO mm T2 reinf. | 32 100=6042.438
Load reduction | Ba Bottom cowver | 35 mm Offset (D) 230 mm Concrete | 40/50
Caleulation:
d= 450 - 35- 322 - 32/ = 383 mm
d’.= 450 - 35 - 3272 = 305 mm
d, = 450 -35- 32 - 322 = 36T mm
= (M x 600}/ 4 471.24 mm
Bven = 1.5 % 1400 = 2100 kN
VeR o = (2100 x 10°%) { (471.2389 x 383) = 11.64 MPa
= (1x40) /16 = S
Vagmax = 0.3 2687 (1-(40/250)) = 8,72 MPa
YED o * VRamax (11.64>6.72) - Fail at column face
uy = 0.5 M x ({6007 2) + 2 x 383) + (GO0 / 2) + 230 + 1.5 x 383 + (600 2) 3078.97 mm
Cpyc ™ 0B/ 1.5= 01z
= 1+ 5200/ 383) = 1.72
k=200 OK
Vo ® 0.035 x (1.72%% % {40y = 0.5 MPa
VEd1 ™ (1.5 % 1400 x 107) [ [307T8.97 « 383) = 1.78 MPa
m= V(804248 / {1000 x 399)) x (B042 48 / (1000 x 36T = 00217
ol > 0.02 therefore pi = 0.02 - Limited to maximum
VRde ™ 042 % 1.72 x (100 % 0.02 x 40)"7 = 083071 MPa
WRd.¢ 2 ¥min therefore use viRd.c for further calculations
VE#1 2 vRde therefore Shearail® required
vEd £ 2 vRde - Controd perimeter OK [VEd1 = 2 vRd.c)
Vgt vecquina = (1.5 % 1400 x 107) / (0.80 x 383) = G1565.8 mm
fw = 5007115 = 434,78 MPa
fwdm . 250 +025x383 = 345.75 MPa
Fwtat £ fiywa oK
5 = stud spacing along rail = 280 mm
&= maximum spacing betwean ralls within control perimeter = 254 mm
Bgpmin= (008 1 294 x 280 x W40)) / (1.5 % 500) = 55.53 mm?
Aoy = (01,78 - (0,75 x 0.89)) x 307897 x 280}/ (1.5 x 345,75 x 10) = 184.98 mm®
Azw > Bswmin therefore Baw requined = 184,98 mm?*
Provide @16 mm studs = 201,08 mm?
Uit prowigea  (from graphical interface) = 6507.9 mm

LYTOS Konstantinos — Département Génie Civil et Construction
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Piles 3,4

Project reference: | A12713

Project title: SAINT CROSS COLLEGE
Location: Sheet: 1/2
Column reference: | PILES 3, 4 Revision:

Shearail® Design to EC2
- UK National Annex

Number of locations: 1

Typical section;

&

e B
X

Rails required (per location):

@ 11N° off ER1A2FGEIFEU
® 6N° off ERIDE91B3FEW

89 Shearall® Design Program to EC2, ® Max Frank Ltd 2011, wew.maxfrank.co.uk, Version 2.0.3.8 (1504/2015 10:51:52)
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Project reference: | A12713
Project tithe: SAINT CROSS COLLEGE
Location: Sheet: 212
. SE Shearail® Design to EC2
Column reference: | PILES 3, 4 Revisian: LI National Annex
Input data {Circular, edge column):
Load Ved 1250 kW Slab depth 450mm | | Column @ (&) | S0 mm T reinf. | 16@200=1005.31 mm
B 1.4 Top cover 35 mm Offsat [C) BA T2 rginf. | 16E0200=1005.31 mn|
Load reduction | Mi& Bottom cover | 35 mm Offsat (D) B850 mm Concrate | 40V5D
Calculation:
d= 450 - 35 - 162 - 1872 = 358 mm
= 450 - 35 - 16/2 = 407 mm
d; = A50 - 35 - 16 - 1602 = 391 mm
ug= (M w GO0 § 2 842 48 mm
Bveg = 1.4 %1250 = 1750 kM
Vepo = (1750 % 10°) / (942 4778 x 399) = 4,65 MPa
foa = (1x40)715m= 2867 MPa
Vigmae = 0.3 % 26.67 (1- (401 250)) = 6.72 MPa
VED 0 5 VRdmas (4853872 oK
= M {(BO0/2)+ 2 x390) + 2 % (1.5 x 389 + (600 / 2)) 524647 mm
Chge ™ 01871.5= 012
N 1++{200/399) = 1.71
k=200 0K
Y ® 0.035 % (1.71%% x v{40) = 0.49 MPa
VEaq = (1.4 x 1250 x 10°) / (5248.47 x 399) = 0.84 MPa
o= W(1005.31 1 (1000 x 407)) x (100531 / (1000 x 391)}) = 0.00252
pi = 0.02 OK
ViRde = 0.2 ¥ 1.71 % {100 x 0.00252 x 40)"" = 0.44275 MPa
wRa.c < vmin therefore use vmin for further calculations
wEd1 2 vmin therefore Shearall® required
vEd1 £ 2 vmin - Control perimeter OK {vid1 = 1.88 vmin)
Ut rgquired = (1.4 % 1250 x 107) /(0,49 x 399) = BETE.43 mm
'M= 500115 = 434,78 MPa
Fowd ol = 250 +025x300 = 340.75 MPa
Fywd.of = fywed 0K
8 = slud spacing along rail = 280 mim
B= maximum spacing betwean rails within control perimater = 53058 mm
A in = {008 x 530,58 x 290 x N{40)) / (1.5 x 500) = 1058 mm*®
B ((0.84 - (0,75 x 0.49)) x 5246.47 x 200) / {1.5 % 349,75 x 11) = 1227 mm?
Asw * Agwomin therefore Asw required = 122.7T mm*
Provide @14 mm studs = 153.84 mm?®
U pravided [from graphical interface) = B558.94 mm
Stud spacing : 145/280 mm

LYTOS Konstantinos — Département Génie Civil et Construction

bed shearail® Design Program to EC2, © Max Frank Lid 2011, www,maxirank,co.uk, Version 20,58 (15042015 10:51:52)
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Pile 5

Project reference: | A12713

Project title: SAINT CROSS COLLEGE
Location: Sheet: [1/2
Column reference: | PILE 5 Revision:

Shearail® Design to EC2

UK National Annex

Number of locations: 1

Typical section:

%
2
f

:
'll
|
o
L
=

Rails required (per location):
11 N° off ER1A2FGESFEP

LYTOS Konstantinos — Département Génie Civil et Construction

82 Shearail® Design Program to EC2, © Max Frank Ltd 2011, www.maxfrank.co.uk, Version 2.0.3.8 (150412015 10:52:06)
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Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheet: 212
. T | Shearail® Design to EC2
Column reference: | PILE 5 Rewvisian: | - UK National Afnex
Input data (Circular, internal corner):
Load Ved 1200 kN Slab daepth 430 mem Column & (&) | 600 mm T1reinf. | 25@150=3272.48 mn
B 1.5 Top cover 35 mm Dffset (Z) 1050 mm T2 reinf. | 25 150=3272.49 mn
Load reduction | MA Bottom cowver | 35 mm Offsat (D) 1600 mm Concreta | 40050
Calculation:
= 450 - 35 - 25/2 - 262 = 31 mm
d, = 450 - 35 - 252 = 403 mm
d, = A50 - 35 - 25 - 252 = 378 mm
ug = (M x 600}/ 4 471.24 mm
Byep= 1.5 x 1200 = 1800 kM
Veng = (1800 = 107) / (471.2389 x 381) = 8.77 MPa
fgy= (Tedd)/1.5= 25.67 MPa
VEd mas 0.3 x 26.67 (1 - (40! 250)) = 6.72 MPa
VED 0 ® YRa.max (277 *>6.72) - Fail at column face
Uy = 0.5 M= ((G00F2)+ 2 x301)+ 1.5 x 301 + (800 [ 2) + 1.5 x 301 + (60O 7 2) 34726 mm
Cade= 018/115= 012
k= 1+ (200391 = 1.72
k=200 OK
¥omin 0,035 % (1,725 5 4{40) = 0.5 MPa
VEd1= (1.5 % 1200 x 10°) /(24726 x 381} = 1.33 MPa
m= A((3272.49 / {1000 x 403)) x {(3272.49 / {1000 x 378))) = 0.008385
pi = 0.02 oK
Vind e = 012 x1.72 2 {100 x 0.008385 x 40}1"3 = 0L.BEITST MPa
vRd.c 2 vmin therefore use vRd.s for further calculations
vEd1 2 wRd.c therefore Shearail® required
vEdl £ 2 vRac - Control perimeter OK (vEdt = 2 vRae)
Ugyt required = (1.5 x 1200 x 107}/ (0.66 x 391) = 693565 mm
T = 5004115 = 434.78 MFa
Ty ot = 250+ 025 x 381 = 47.75 MPa
Tywd.ef £ fywa OK
&= sled spacing along rail = 290 mm
g = maximum spacing between rails within control perimeter = 297 mm
A min = {008 x 207 x 290 x J{40)) 7 (1.5 x 500) = 58.1 mm®
f—— {1.323-(0.75x0.66)) x 34726 x 290}/ (1.5 x 4775 x 11) = 145.3 mm?
Asw > Asw.min therefore Asw required = 145.3 mm*
Provide @14 mm studs = 153.04 mm?
Ugw pravided (from graphical interface) = T027.98 mm
Stud spacing : 145/290 mm

B Shearal Design Program to EC2, © Max Frank Lid 2011, wew. maxirank.oouk, Verson 20,38 (15042015 10:52:08)
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Pile 6

Project reference: | A12713

Project title: SAINT CROSS COLLEGE
Location: Sheet: 1/2
Column reference: | PILE 6 Revision: | ~

Shearail® Design to EC2

UK National Annex

Number of locations: 1

Typical section:

~
-

450

&2

|
|
:
!
!
|
i

[

Ralls required (per location):

@ 11N° off ER1A2FBEIF6U
® 6N° off ERIDE91BIFEW

&2 Sheanil® Design Program to EC2, @ Max Frank Ltd 2011, www.maxfrank.co.uk, Version 2.0.3.8 {1504/2015 10.52:17)
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Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheat: 212
i o Shearail® Design to EC2
Column reference: | PILE 6 Revision: | - UK Mational Annex
Input data (Circular, edge column);
Load Ved 1300 kN Slab depth 450 mm Colemn & (A} | 600 mm T reind. | 1660200="1005.31 me
B 1.4 Top cover 35 mm Offset |C) MiA T2 reinf. | 16EDI00=1005,21 mn|
Load redustion | NiA Bottom cover | 35 mm Oifaal (D) 1600 mm Concrets | 40/50
Calculation:
d= 460 - 35 - 162 - 16/2 = 399 mm
dy= 450 - 35 - 16/2 = 40T mm
d; = 450 -35-16- 16/2 = 391 mm
Uy = (N = &00) /2 D42 48 mm
Byvep = 1.4 x 1300 = 1820 kN
VED D = (1820 x 10%) / (942 4778 x 399) = 4,84 MPa
fog= (x40} /1.5= 2667 MPa
T 0.3 x 26.67 (1 - (40/ 250)) = 6,72 MPa
VED 05 VRamax (48B4 26.72) OK
Uy = Mx({B00/2)+2x399)+ 2 x (1.5 x 300 + (GO0 / 23) S5245.47 mm
Crac= 0.18/1.5= 0.12
= 1+ 4200 ! 300) = 1.71
k= 2.00 OK
Yimin = 0.035 1 (1.71%7 x40y = 0.49 MFa
Wedr = (1.4 % 1300 x 107/ (5246.47 x 390} = 087 MPa
[ A(1005.31 1 (1000 x 407)) % (1005.31 / {1000 x 391))) = 000252
pi = 0.02 QK
Vi c 0.12 x 1.71 x {100 x 0.00252 x 40)"" = 0.44275 MPa
VRi.z < ¥min therefore use vmin for further calculations
VEd Z vman therefore Shearail® required
vEd £ 2 vmin - Control perimeter OK (vEd® = 1.96 wmin)
Uget requiredt = (1.4 % 1300 x 10°) / (0.48 x 309) = 923149 mm
= D115 = 434,78 MPa
Lwar= 290+ UZh 13Uy = 348.75 MPa
o af S Fywd OK
5 = siud spacing along rall = 280 mm
5. maximum spacing bebwean rails within control perimester = 530.58 mm
iy = (0.08 x 530.58 x 290 x W40))/ (1.5 » 500) = 103.8 mnm?
= (087 - (075 x 0.49)) x 524647 x 290}/ (1.5 x 34075 x 1) = 131.52 mm?
BAsw > Aewomin therefore Asw required = 131.52 mm?
Provide @14 mm studs = 153,94 mm?
Ugus provided  (from graphical interface) = 959894 mm
Stud spacing : 1457280 mm

B Shearall® Design Program to EC2, & Max Frank Lid 2011, www.maxfrank.co.uk, Version 2,0.3.8

LYTOS Konstantinos — Département Génie Civil et Construction
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Pile 10
Project reference: | A12713
Project tite: SAINT CROSS COLLEGE
Location: Sheet. [1/2
Column reference: | PILE 10 Revision: | - smﬁ';'@mp&g’efcz

Number of locations: 1

Typical section:

[©
I
I

—

=

450

=

Rails required (per location):
12N° off ER1A2E79FEGD

82 Shearail® Design Program 1o EC2, ® Max Frank Ltd 2011, waw.maxfrank.co.uk, Version 2.0.3.8  {1504/2015 10:52:56)
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Project referance: | A12713
Project tite: SAINT CROSS COLLEGE
Location: Sheet; e
. Shearall® Design to EC2
Colurmn reference: | PILE 10 Revision: || - LIK. Matianal Anre
Input data (Gircular, internal corner):
Load Ved 1450 kN Slab depth 450 mm | | Column & (&) | 600 mm T1 reinf. :12@10&8[)42.4-3?’*
1] 1.6 Top cover A8 mm Offsat (C) 1060 mm T rainf. 32@11}0=8042.4-errl'
Load reduction | WA Bottom cover | 35 mm Offsat (D) 1600 mm Concrate | 4050
Caleulation:
= 450 - 35 - 322 - 322 = 383 mm
dy= 450 - 35 - 32 = 398 mm
dy= 450 -35-32 - 322 = 367 mm
g = (M = 600/ 4 471.24 mm
Bven= 1.5 x 1450 = 2175 kN
VED D = (2175 % 10%) /(4712389 x 383) = 12.05 MFa
feq = (Txd40p/15= 26.67 MPa
ViRg,max = 0.3 x 2667 (1 - (407 250)) = 6.72 MPa
Vep o * VRamax (1205 >6.72) - Fail at column face
uy = 0.5 M = ({600 7 2) + 2 x 383) + 1.5 x 383 + (600 / 2) + 1.5 x 383 + (600 / 2) 342347 mm
Coge = D18/ 1.5= 0.12
k= 1+ 4200/ 383) = 1.72
k=200 oK
Vinin ® 0,085 x (1.72%2  v40) = 0.5 MPa
VEq1 = (1.5 x 1450 x 10°) ) (3423.47 x 383) = 1.66 MPa
o= W{{B042 48 / {1000 x 309)) x (042,48 [ (1000 = 357))) = 0021017
0.02 therefore | 0.02 imited fo maximum
VRde = 0,12 x 1.72 x (100 x 0.02 x4ﬂ]""’"= 0.88071 MPa
VRiz 2 vmin therefore use vid.c for further calculations
vEdi 2 wRd.c therefore Shearail® required
vEdt £ 2 vRoe - Control perimeter OK (vEd = 1,86 vra.c)
Usyt requiea = (1.5 % 1450 x 10°)/ (0.89 x 383) = G375.65 mm
T ™ 500/ 1.15 = 434.78 MPa
Tyt = 250 + 0251 383 = 345,75 MPa
Fywer.ef = Fyant oK
5= slud spacing along rail = 280 mm
g = maximum spacing between rails within control perimeter = 284 mm
Agimin = {008 x 204 x 280 x ¥40)) /(1.5 £ 500) = 55.53 mm?
"= ({166 - (0.75x 0.80)) x 342347 x 280}/ (1.5 x 345,75 x 12) = 152.6 mm®
Asw * Asw.min therefore Asw reguired = 1526 mm*®
Provide @14 mm studs = 153.84 mm?
Ut provided {from graphical interface) = 6415.04 mm
Stud spacing : 140/280 mm
|
B3 Shearaikd Design Program to EC2, © Max Frank Lkt 2011, www.maxfank.co.uk, Version 2.0.3.8 (15042015 10.52.56)
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Pile 11
Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheet [1/2
Column reference: | PILE 11 Revision: | - She;r;l'l\gmlg:nt:escz

Number of locations: 1

Typical section:

L=
2

4

450

Rails required (per location):
11 N° off ER1A2F6ESFED

LYTOS Konstantinos — Département Génie Civil et Construction
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Project reference: | A12713

VRd.e 2 vmin therefore use vRd.c for further calculations
vEd1 2 vRde therefore Shearail® required
VvEdl £ 2 wRde - Control perimeter OK

Ut rmquives = (1.5 % 1250 % 107)/ (0.76 x 301) =

Tt = 007115 =
fot ar = 260+ 0.25x 391 =
Firwd.af = Fiown
5= slud spacing along rail =
5= maximum spacing between rails within control perimeter =

Bormin= (008 x 207 x 290 x ¥(40)) (1.6 x 500) =
Aow = 138 - (0T 0.76)) x 34726 x 290) [ (1.5 x 347,75 x 1) =

Asw > Bsw.min therefore Asw reguired =
Provide @14 mm studs =
Uguit provides  (from graphical interface) =

Stud spacing :

Project tlitle: SAINT CROSS COLLEGE
Location: Sheet 2/ 2
Column reference: | PILE 11 Revisiore | - Eh“ﬂ’?ﬁml’ﬁn'&f c?
Input data (Circular, internal cormer);
Load Ved 1250 kN Slab depth 450 mm Codumn & (&) | &0 mm T reinf. | 25@100=4308,74 mn*
B 1.8 Top cover 35 mm Ozt (C) 1050 mm T2 reinf, | 25@100=4508, 74 mn*
Load reduction| Mk Bottom cower | 35 mm Oifset (0) 1400 mm Concrete | 40050
Calculation:
d= 450 -35- 25/2 - 252 = 381 mm
d, = 450 - 35 - 252 = 403 mm
&= 450 - 35- 25-25/2 = T8 mm
up = (M x600)/4 471.24 mm
Bven = 1.5% 1250 = 1875 kN
Vepg = (1876 ¢ 107/ (471.2309 x 381) = 10,18 MPa
foa = {1x40)/15= el
Vi max = 0.3 x 26,67 (1 - {40 250)) = .72 MPa
VED o ® YRamax (10.18>672) - Fail at column face
= 0.5 Mo (600 F2) + 2 % 304) + 1.5 6 3871 « (600 1 2) + 1.5 x 381 + (600 £ 2) 34726 mm
Crac = 01Bi1.5= 012
k= 1+ (200 / 381) = 172
k=200 OK
Voriry = 0.035 1 (1.72%2 % {40y = 0.5 MPa
VEq1 = (1.5 x 1250 x 107) / (3472.6 % 391) = 1,38 MPa
= V((4008.74 | {1000 x 403}) x (400874 ! (1000 x 378))) = 0.012577
pre0.02 0K
VRdo = 012 2 1.72 w100 x 0012577 x M}""‘3 = 0. 758812 MPa

{vedt = 1.82 vrd.:)
6311.28 mm

434.78 MPa
347.75 MPa

0K
280 mm
AT mm

E8.1 mim?
142,35 mm?

142.35 mm?
153.84 mm?
B573.75 mm

145290 mm

H Shearaid® Design Program to EC2, & Max Frank Lid 2011, www.maxfrank.co.uk, Version 2.0.3.8 (158042015 10:53:15)
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Pile 12

Project reference: | A12713

Project tte: SAINT CROSS COLLEGE
Location: Sheet: 1/2
Column reference: | PILE 12 Revieiorg, [ - | SheseadDesignio FC2

Number of locations: 1

I
3
-

I
|
-
- s

\__ Sl
&3 S
e - i -
™
Typical section: Rails required (per location):
@ 11 N° off ER1A2F6ESFE6U
B 6N° off ERIDE91B3F6W
L0

LYTOS Konstantinos — Département Génie Civil et Construction
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Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Shest: 22
) e Shearail® Design to EC2
Column referance: | PILE 12 Revision: | - UK Mational Annex
Input data (Circular, edge column):
Load Vad 1300 kM Slab depth 450 mm | | Column @ (&) | 600 mm T1 reinf. | 16E200=1005.31 mn
B 1.4 Top cover 35 mm Offsat () MiA T2 reinf, | 16@200=1005.31 mn
Load reduction | MA Bottom cover | 35 mm Offsat (D) 1400 mm Concrete | 40:50
Caleulation:
d= 450 - 35 - 16/2 - 16/2 = 399 mm
d,= 450 - 35 - 16872 = 407 mm
d, = 450 - 35 - 16 - 16/2 = 391 mm
= (M G0y 2 42,48 mm
Bvgn = 1.4 21300 = 1820 kM
VER D = (1820 x 107) / (8424778 x 3589) = 4.84 MPa
foa ™ (1%40)/15= 28,00 NS
VRd.max = 0.3 x 2667 {1 - (40 250)) = 6.72 MPa
VEp oS YRomas (484 26.72) OK
uy = Mox ((G00 £ 2)+ 2 x399)+ 2x (1.5 x 398 + (600 / 2)) 524647 mm
Crac = 018/1.5= 012
= 1+ 4200/ 309) = 1.7
k=200 OK
Vinin ® 0,035 % (1,717 x v{40) = 0.49 MPa
VEd1™ (1.4 2 1300 ¢ 107}/ (5246.47 x 309) = 087 MPa
= W{1005.31 / {1000 x 407)) x (1005.31 / (1000 = 301))) = 000252
M = 0.62 OK
VRde = 012 % 1.71 x (100 x 0.00252 x 4{!}":i = 0.44275 MPa
WRde < vmin therefore use vmin for further calculations
VEdi Z wmin therefore Shearailf required
vEdt £ 2 wmin - Control perimeter OK {vedt = 1.96 vmin)
Upis raguired = (1.4 201300 x 10%) / {049 x 399) = 9231.49 mm
Tyt = 500/1.15 = 434,78 MPa
Tywtat = 250 +0.25%399 = 349.75 MPa
FywrLef = fyrad QK
5= stud spacing along rail = 290 nwrm
5= maximum spacing between rails within control perimeatar = 530.58 mm
Agpimin = (0,08 x 530.58 x 200 x V[40))/ (1.5 x 500) = 103.8 mm?
B = (087 - (0.75 % 0.49)) x 524647 x 2903/ (1.5 x 34075 x 11) = 131.52 mm*
Aazw > Asw.min therefore Asw reguied = 131.52 mm?*
Provide @14 mm studs = 153,94 mm?*
thp‘.m,ﬂ (from graphical interface) = B558.94 mm
Stud spacing : 145280 mm

B3 shearsil® Design Program te EC2, © Max Frank Lid 2011, www.radrank, co.uk, Version 20,38 (15042015 10:53:25)
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Piles 13,14
Project reference: | A12713
Project title; SAINT CROSS COLLEGE
Location: Sheet: 112
Column reference: | PILES 13,14 Reiskity [ [| OSSO Deson to Fld

Number of locations: 1

Typical section:

NI
2

e
8P

450

Rails required (per location):

@ 8N° off ERTA2FBEIF6EX
® 3N’ off ERIDE91B3F6R

P= Shearail® Design Program to EC2, € Max Frank Ltd 2011, www.maxfrank.co.uk, Version 2038 (1504/2015 10:53:38)

LYTOS Konstantinos — Département Génie Civil et Construction

135



Ecole Nationale

des Ponts et Chaussées — Projet de fin d’Etudes

LYTOS Konstantinos — Département Génie Civil et Construction

Project reference; | A12713
Project tite: SAINT CROSS COLLEGE
Location: Shet: 202
i o Shearail® Design to EC2
Column referance; | PILES 13,14 Revigion: | - Ui Matianal Annex
Input data [Circular, edge column):
Load Wad 1000 kM Slab depth 450 mm Column @ (&) | 600 mm T1 reint. | 16 200=1005.31 mn
B 1.4 Top cover 35 mim Offsat (C) MiA T2 rainf. | 16@200=1005.31
Load reduction | M4 Bottorn cover | 35 mm Oiffsat (D) 14100 mnm Concrate | 4050
Calculation:
d= 450 - 35 - 16802 - 16/2 = 399 mm
d'.= 450 - 35 - 1672 = 40T mm
d,= 450 - 35 - 16 - 18/2 = 391 mm
Uy = (N x600)/ 2 042 48 mm
Bven = 1.4 21000 = 1400 kM
VERp = (1400 x 10%) ) (942 4778 x 300) = 3.72 MPa
Iy= (1x40)/16= 26.67 MPa
ViRd. max = 0.3 % 26,67 (1 - (40/250)) = 6.72 MPa
YED 0 = VRgmax (3.T2=26.72) [a ]
uy = M= (GO0 2)+ 2 % 3099) + 2 x (1.5 x 399 + (600 / 2)) 524647 mm
Crae= 01B/15= 0.12
ke 144200/ 399) = 1.71
k<200 0K
Womin 0,035 x {1.71% x vj40) = 0.40 MPa
VEd 1 = (1.4 w1000 x 10%) [ (524647 x 399) = 06T MPa
W= W(1008.31 £ (1000 » 407)) x (100531 1 (1000 x 391))) = 0.00252
P 0.02 QK
VRde ™ 0.92 % 1.71 % {100 x 0.00252 x 40)'% = 0.44275 MPa
vRd.: < vmin therefore use vmin for further calculations
VEd&1 Z vmin therefore Shearail® required
vEd1 £ 2 wmin - Control perimeter OK {vEd1 = 1.51 wmin}
Ut requines = (14 % 1000 % 10°) / (0,48 x 388) = 7101.14 mm
I’m= 500/1.15 = 434,78 MPa
Fove ol = 250+ 025 %399 = 3075 MPa
Tywcd.al = fywed OK
B = siud spacing along rail = 280 mm
5 = maximum spacing betwean rails within contral perimeter = 514.23 mm
Aowmin= 10,08 x 514.23 x 290 x W{40)) { (1.6 x 500) = 100.6 mm®
B ({067 - (0.75 % 0.49)) x S246.47 x 200) / (1.5 X 349,75 x &) = 108.1 mmé#
Asw > Aswmin therefore Asw required = 108.1 mm?*
Provide @12 mm studs = 113.1 mm’
Ugs prowidea  (frem graphical interface) = 7763.16 mm
Stud spacing : 145/290 mm
hﬂ Shearait® Design Program to EC2, © Max Frank Ltd 2011, www.masdfrank.couk, Version 2.0.3.8 (15042015 10:53:38)

136



Ecole Nationale des Ponts et Chaussées — Projet de fin d’Etudes

Pile 15
Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheet: 112
Column reference: | PILE 15 Revision: | - Shear;nhlgt?;:flg;\nn;%f c2

Number of locations: 1

Typical section:

e

e i
¥ s

Rails required (per location):

® 11N° off ER1A2FBE9FBU
® 6N’ off ER1DE91B3F6W

B Shearail® Design Program to EC2, © Max Frank Ltd 2011, www.maxirank.co.uk, Version 2.0.3.8  {15/04/2015 10:54:23)

LYTOS Konstantinos — Département Génie Civil et Construction
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VRd.c Z vmin therefore use vrde: for further calculations
VEd1 & wRd.c therefore Shearailf required
vEd1 £ 2 wRde - Control perimeter OK

Ugnsi egaied = (1.4 X 1450 x 10°) { {0.56 x 399 =

l}w = 5007115 =
fwdar = 250+ 025 %399 =
Fywcaf = fywd
g = slud spacing aleng rail =
5= maxmum spacing betwesn rails within control permeter =

P e = (0.08 x 530.58 x 290 x ¥{40)) / (1.5 = 500) =
w = (087 - (0,75 x 0.56)) « 5246.47 x 200) /(1.5 x 349.75 x 1) =

Asw * Agaomin therefore Asw required =
Provide @14 mm studs =
Ugut provicea  (from graphical interface) =

Stud apacing :

Project reference: | A12713
Project itle: SAINT CROSS COLLEGE
Location: Shest 212
, Sheargil® Design to EC2
Column reference: | PILE 15 Revigion: UK Mational Annex
Input data {Circular, edge column):
Load Ved 1450 kM Slab dapth 450 mm Column @ (&) B0 mim Ti reinf. | 16§100=3010.62 mm*
B 14 Top cover smm | | offset (5) MiA, T2 reinf, | 16E100=2010,62 mny?
Load reduction | M Bottom cover | 25 mm Orffset (D) 1400 mrn Concrete | 40050
Caleulation:
d= 450 - 35~ 1602 - 162 = 305 mm
d,= 450 - 36- 162 = 407 mm
d, = 450 - 36 - 16 - 16/2 = 301 mm
Uy = (M x 600}/ 2 942 46 mm
Bvep = 1.4 % 1450 = 2030 kN
VEp o = (2030 x 10%) { (942 4TFE x 390) = 5.4 MPa
= (1x40)/15= 2667 MPa
Vpgmas = D3 %2667 (1- (40 250)) = £.72 MPa
Vepo = VRamas (545 672) oK
U = Mox ({00 2)+ 2 % 309) + 2 £ (1.5 % 390 + (800 / 2)) 524647 mm
Crgo = 0.18/1.5= 012
ko= 1+ {200/ 300) = 1.71
k=200 OK
Vi = 0,085 % {1.71%2 x A[40) = 0.49 MPa
Vedq = (1.4 % 1450 x 107}/ (524647 x 309) = 0.97 MPa
o= (201062 (1000 « 407)) x (2010.62 / (1000 x 381))) = 000504
pi = 0.02 OK
Ypd = 012 % 1.71 % (100 = 0.00504 x 40)"% = 0.55783 MPa

[vEd1 = 1.74 wRd.c)
8120.55 mm

434,78 MPa
340,75 MPa

oK
280 mm
530.58 mm

10038 mm?
14537 mm*

145,37 mm*
153.94 mm*

8558.94 mm

1451290 mm

LYTOS Konstantinos — Département Génie Civil et Construction
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Pile 16
Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheet 112
Column reference: | PILE 16 Revision: Shearail® Design to EC2

2 UK National Annex

Number of locations: 1

Typical section:
=X
f—O

|
g
r_'”i

l 2

I b i

Rails required (per location):
14 N° off ER1A2E79FE6P

2 Shearail® Design Program to ECZ. © Max Frank Lid 2011, www.maxfrank.co.uk, Version 2.0.3.8  {15/04/2015 10:54:32)
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wRdc 2 wmin therefore use vid.c for further calculations
VEd! 2 WRd.c therefore Shearail® required

vEd1 £ 2 vRde - Control perimeter OK

Project reference: | A12713
Project title: SAINT CROSS COLLEGE
Location: Sheat: 212
. L Shearail® Design to EC2
Column reference: | PILE 16 Revision: | - UK, Mational Annex
Input data (Circular, internal corner):
Load Ved 1550 kM Slab depth 450 mm Calumn @ (&) | G600 mm T1reind. | 32[@100=8042.48 mn'll'
B 15 Top cowver 35 mm Offsat (C) 850 mm T2 reinf. | 320 100=8042.48 rnrrl'
Lowd reduction | MA Bottom cover | 35 mm Offset (D) 1400 Concrate | 40050
Calculation;
d= 450 - 36 - 3202 - 3212 = 383 M
o= 450 - 35 - 3212 = 399 mm
d, = 450 -35-32 - 32 = 36T mm
Uy = (I x 600}/ 4 471,24 mm
Bven = 1.6 % 1550 = 2325 kN
VEp D = (2325 x 107) / (471.2389 x 383) = 12.88 MPa
foa = (1=40)i15= 26.8T7 MPa
L p— 0.3 x 2667 (1 - (40/250)) = 6.72 MPa
VED O VRgmay (12.88 > 6.72) - Fail at column face
= 0.5 M % (6007 2) + 2 x 383) + 1.5 % 383 + (600 / 2) + 1,5 x 383 + (600 / 2) 342347 mm
Crac ™ 018/15= 012
N 1+ (200 /383) = 172
k= 2.00 0K
Vipin = 0.035 % (1,727 x 4j40) = 0.5 MPa
VEqq = {1.5 % 1550 x 10°) / [3423.47 x 383) = 1.77 MPa
P = V({8042 48 { (1000 x 399)) x (BO42.48 [ (1000 x 367))) = 0021047
0.02 therefore pi = 0.02 - mited to maximum
Ve = 0.12 x 1.72 x (100 x 0.02 x 40)"7 = 0.88071 MPa

[vEd1 = 1.99 vRd.c)

Uges remired = 1 1.5 % 1560 x 10°) / (0,89 x 383) = 6815.34 mm
— 500/ 1.15 = 43478 MPa
faeind ™ 250 + 025 383 = 345.75 MPa
fywd.of 5 Fymed OK
8 = stud spacing along rail = 280 mm
5= maximun spacing between rails within control parimeter = 294 mm
g min ™ (0.08 x 294 x 280 x W{40))/ (1.5 x 500} = 55.53 mm?
By = ((1.77 = {0.75 x 0.89)) x 3423.47 w 280) / (1.5 x 346.75 % 14) = 145,91 mm®
A > P min therefore Asw required = 145.91 mm?*
Provide @14 mm studs = 153.94 mm?*
Upyt providea  (from graphical interface) = GB56.13 mm
Stud spacing : 1407260 mm
#= Sheargil® Design Program to EC2, & Max Frank Ltd 2011, www.maxfrank.co.uk, Varsion 20.3.8 (15042015 10:54.32) .
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The calculations for the columns in the excel spreadsheet are shown below.

Column 1
Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m pa{: Made by Date Page
Tre te Certre
Location  C3-01 onerete KL 05-May-2015
_ PUNCHING SHEAR ta BS EM 1992-1: 2004 INTERMAL | Checked Revision Job No
eur o=
cOde = oiginted from TCCt510m w4900 0D @036 To:  COLUMM A12T713
MATERIALS fy NmmM* 40 STATUS }EGEND .
fx Nmm o 500 VALID DESIGN " |
Steel class B z H
e
DIMENSIONS A mm 200 E mm 0 . ‘F
B mm 600 F mm 0 y-Bi - ? Y
G mm 0 H mm O A
L] E L]
LOADING Ve kv 300 |
utupL it Joog |
R = 1130 braced structure, adjacent spans d
SLAB dz mm 3955 Asz ~ mmiim 1010 inB+6d px= 0255
h mm 450 dy mm 3765 Asy  mmim 1010 inA+6d py = 0.268
d mm 386 100pL % = 0.262
RESULTS BVzs= 3450 Vrac= 0.4993 Nmm o
At col. face, vEd = 0.550 Nimm" At 2d perimeter, Veg e = 01386 Nmm™
Uout required = 1600 (= See Fig 6.22B) suwesion a5
ra ™,

Ho links required

SPUR
PLAN

LYTOS Konstantinos — Département Génie Civil et Construction
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Column 2
Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m pa{: Made by Date Page
T~z te Certre
Location  C3-01 onerete KL 05-May-2015
_ PUMCHING SHEAR to BS EN 1992-1: 2004 INTERMAL | Checked Revision Job Mo
eurnO.-
GDdE! Criginated From TCC13.xlsm w49 an CO & 2003-16 TCC COLLIMMN - A12T13
MATERIALS foge MMM 40 STATUS }EGEHD .
fe MmOt 500 VALID DESIGN " |
Steel class B £ H
|:|G
DIMEMNSIONS A mm 200 E mm 0O = *
¥ B 'F ¥
B mm 600 F mm 0O i
G mm O H mm 0O il
- E -
LOADING Vea kN 1400 3}
utupL Mimt Jooo |
k= 11530 braced structure, adjacent spans d
SLAB dz mm 3955 Asz ~ mmim 1010 inB+6d px=0.255
h mm 450 dy mm 376.5 AsY  mmiim 1010 in A+ 6d py = 0.268
d mm 386 100pL % = 0.262
RESULTS BVes= 1610.0 kN Vree= 04993 Nmm* Eguistice (G477
At col. face, vEd = 2607 Nmm* At 2d perimeter, Vgg oo = 06466 MNmm?
Uout required = 8354 (= See Fig 6.22B) spesvin sy
s ™
SOLUTION Fig 6.22 (B)
12 link spurs of 3B10 @ 275 36 links
St(average)= 275 mm Sr= 275 mm
AswiSrreq= 3.378 PRSI SR
Asw/Sr prov= 3427 mm
First link perimeter 190 mm from column face
Outerlinks at 740  mm from column face
Uout= 8926 mm = 8 354 mm SPUR ‘ ‘ ‘
See GEOMETRY page for link locations. PLAN
Some links shown may need to be re-located to avoid holes. ~ v

LYTOS Konstantinos — Département Génie
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Column 3
Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m pa{: Made by Date Page
Tre te Certre
Location  C3-01 onerete KL 05-May-2015
_ PUMCHING SHEAR to BS EN 1992-1; 2004 INTERMAL | Checked Revision Job Ho
euro.-
cOde™ oiginted from TCC13.dem w4900 CO 20036 TCC COLUMM - A12713
MATERIALS fy MMM 40 STATUS }EGEND .
f NmM 500 VALID DESIGN " |
Steel class B % H
s
DIMENSIONS A mm 200 E mm O : B+ :F 5
B mm G00 F mm 0O 1;
G mm 0 H mm 0O EA
L] E L]
LOADING Weg kN 1200 3
kM I | \ )
ult UDL m 10.00 1
= 1150 braced structure, adjacent spans d
SLAB dz mm 3855 Asz ~ mmt/m 1010 inB+6d px= 0255
h mm 450 dy mm 3765 Asy  mmm 1010 inA+6d py =0.268
d mm 386 100pL % = 0.262
RESULTS BWes = 13800 kN VRsc= 04003 Wmm' Eigusties {5477
At col. face, vEd = 2234 Nmm At 2d perimeter, Veg g = 0.5542 Nmm®
Uout required = 7161 (= See Fig 6.22B) spesvin s
s ™
SOLUTION Fig 6.22 (B)
12 link spurs of 3B8 @ 270 36 links ‘ ‘ ‘
St (average)= 275 mm Sr= 270 mm
AswiSrreq = 2231 FEESIG A
Asw/Srprov = 2234 mm
First link perimeter 190 mm from column face
Quter links at 730  mm from column face
Uout= 8926 mm:=> 7,161 mm SPUR ‘ ‘ ‘
See GEOMETRY page for link locations. PLAN
Some links shown may need to be re-located to avoid holes. ~ J/
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Column 4
Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m Pa _ Made by Date Page
Location  C3-01 = Conereteterel 05-May-2015
_ PUNCHING SHEAR to ES EM 138241 2004 INTERMAL | Checked Revision Job No
eurOms
coOde= g romTectam w4900 CO ®20035TCC  COLUMN A12713
MATERIALS foy MMM 40 STATUS !.EGEHD N
fe MM 500 VALID DESIGN ( |
Steel class B z H
HE
-
DIMENSIONS .; mm % E mm % : B* - F 5
mm Ja0 mm U i
G mm 0O H mm 0O Eiki
- E L ]
LOADING Wes ko 1100 g
utupL M Jooo | :
= 1.150 braced structure, adjacent spans d
SLAB dz mm 3955 Asz mmim 4010 inB+6d px=0.255
h mm 450 dy mm 3765 AsY  mmYm 1010 inA+Gd py =0.268
d mm 386 100pL % = 0262
RESULTS BVes = 1265.0 VRiac= 04993 Nmm Eiguaticn (4T
At col. face, vEd = 2.341 Nmm At 2d perimeier, Veges = 0.5243  Nimm®
Uout required = 6564 (= See Fig 6.22B) sperin 54
e ™,
SOLUTION Fie 6.22 (B
12 link spurs of 3B8 @ 285 36 links
St{average)= 250 mm Sr= 285 mm
Asw/Srreq= 1.802 S
Asw/3rprov= 2116 mm
First link perimeter 190  mm from column face
OQuter links at 760 mm from column face
Uout= 8726 mm = 6564 mm SPUR
See GEOMETRY page for link locations. PLAN
Some links shown may need to be re-located to avoid fioles. s o
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Column 5
Project  4- First Floor Columns hing The Concrete Centre
Client Advisory Group m Pa . Made by Date Page
Location  C3-01 Conereteceel 05-May-2015
_ PUNCHING SHEAR to BS EN 1392-1: 2004 INTERMAL | Checked Revision Job Ho
SuUrO-
code'™= oigndrenTectin w8onCD ®2003-5TCC  COLUMN - A12713
MATERIALS fy MNmm* 40 STATUS }EGEND .
fe WmM 500 VALID DESIGN " |
Steel class B £ H
HE
DIMENSIONS A mm 200 E mm O . .F :
B mm G600 F mm 0O y B. - T v
G mm 0 H mm 0O = |
L ] E L ]
LOADING Vea kN GO0 |
ult UDL kN0 00 |
b= 1150 braced structure, adjacent spans d
SLAB dz mm 3955 Asz ~ mm‘m 1010 inB+6d px=0255
h mm 450 dy mm 376.5 Asy  mmUm 1010 in A+ 6d py = 0.268
d mm 386 100pL % = 0.2B62
RESULTS BVes = 690.0 kN Vrse= 0.4993 Nmm Egustion (47
At col. face, vEd = 1.117 Nmm® At 2d perimeter, Ves s = 0.2771 Nmm®
Uout required = 1600 (= See Fig 6.22B) swsvine 65/
. >,
Ho links required
SPUR
PLAN
. J
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Column 6
Project  4- First Floor Columns hing The Concrete Centre
Cli Adwvi G mpa
ient visory Group T (e o Made by Date Page
Location  Column B2 KL 05-May-2015 1
EUI"‘D& PUNCHING SHEAR ta BS EN 1992-1. 2004 EDGE | Checked Revision Job Ho
ch - Originated from TCC34lsm w48 on CO @ 20035 ToC COLLMM ] A12T13
MATERIALS fck Mmoo 40 STATUS LEGEND
Tyk Nimm* a00 VALID DESIGN
Steel class B z H
D DG
DIMENSIONS A mm 200 E mm [-1000 i .F
B mm 600 F mm -1000 ¥ B- - . Y
G mm 0O it A i
D mm 356 H mm O i E i
z
LOADING Vesa ko 1250 Miz= um 0.0 J
ult UDL  kwim® 0.00
1.186 fo expression (6.44)
SLAB dz mm 3955 Asz ~ mmim 1010 inB+3d+D px = 0.255
h mm 450 dy mm 3765 Asy mm/m 1010 inA+6d py=0268
d mm 386 100pL % = 0.262
RESULTS BVeg = 14825 Vrao = 04993 N/mm Equastics [ AT
At col. face, vEd = 2.828 MNmm At 2d perimeter, Ves s = 0.8465 WNmm
Uout required =  7B93 (= 1,858 from col face) spusvins o547
ra It
SOLUTION Fig 6.22 {4)
9 link spurs of 6612 @ 245 66 links
plus 6 spurs of 2612 @ 245
St = 2469 mm Sr= 245 mm
ASw/STreq= 4.121 FEE G D
Asw/Srprov = 4155 mm
— —
First link perimeter 190 mm from column face / \
Quter links at 1415 mm from column face / \
Uout= 8420 mm = 7,693 mm SPUR
See GEOMETRY page for link locations. PLAN / \
Some links shown may need to be re-located to avoid holes. e oy
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Column 7
Project  4- First Floor Columns hing The Concrete Centre
Cli Advi G mpa
ient visory Group Tl (R e Made by Date 'F"age
Location  Column BZ KL 05-May-2015 1
EUBDF PUMNCHING SHEAR ta E:S EM 1992-1; 2004 EDGE | checked Revision Job Mo
Originated fram TCC13.xlsm w44 on CO e zmz5 Toe  COLLIMM ] - A12T13
MATERIALS fck  Nmmt 740 STATUS LEGEND
Tk Nimm® 500 VALID DESIGN
Steel class B z g
D DG
DIMEMSIONS A mm 200 E mm -5000 | .F
B mm 956 F mm -5000 y B. - . y
G mm 0O L A i
O mm O H mm 0O i E i
Z
LOADING Vea kN 900 Miz= wm 00 J
utuoL «®: [ooo_ | This is a wall
1.267 to expression (6.44)
SLAB dz mm 3955 Asz ~ mmrim 1010 inB+3d+Dpx =025
h mm 450 dy mm 3765 Asy  mmim 1010 inA+6d  py=026f
d mm 386 100pL % = 0.262
RESULTS BVes = 11402 N Vrae= 04993 Nimm* St (47
At col. face, vVEd = 2175 Nmm® At 2d perimeter, Vegeg = 0.6510 Nmm*
Uout required = 5917 (= 1,267 from col face) Sgusvins /65,
F.a ]
SOLUTION Fig 6.27 (4)
7 link spurs of 3610 @ 225 21 links
S5t = 30969 mm Sr= 225 mm
Asw/Srreq= 2.415 RGN D
Asw/Srprov = 2443 mm
— —
First link perimeter 190 mm from column face / \
Quter links at 640 mm from column face / \
Uout= 5963 mm:= 5817 mm SPUR
See GEOMETRY page for link locations. PLAN / \
Some links shown may need to be re-located to avoid holes. e S
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Column 8
Project  4- First Floor Columns hing The Concrete Centre
. , m pa
Client Advisory Group ey e Made by Date Page
Location  Column B2 KL 05-May-2015 1
EUBD& PUNCHING SHEAR ta B:S EN 19321 2004 EDGE | checked Revision Job Mo
coag'= Originated from TCCTEssm w49 an CO ezmz-mToe  COLUMN ] - A12T13
MATERIALS fok  Nmm® 40 STATUS LEGEND
fyk Nfmm® &500 VALID DESIGN (
Steel class B . z H
D DG
DIMENSIONS A mm 200 E mm -5000 | .F
B mm 956 F mm -5000 | Y B - IEAE
G mm 0O i A i
O mm 0O H mm 0 i E A
i
LOADING Vg kw850 Miz= kum 0.0 J
ult UDL wwr® J0.00___1 This is a wall
1.267 1o expression (6.44)
SLAB dz mm 3955 Asz  mmim 1010 inB+3d+D px = 0.255
h mm 450 dy mm 3765 Asy mmim 1010 inA+6d  py=0.263
d mm 386 100pL % = 0.2862
RESULTS BVes = 1076.9 Vase= 04993 MNmm® Equation fE AT
At col. face, vEd = 2.054 Nmm' At 2d perimeter, Vgges = 06149  Nmm®
Uout required = 5588 (= See Fig 6.22B) swwesin iy
- ~,
SOLUTION Fig 6.22 (B)
9 link spurs of 468 @ 215 36 links
St (average)= 3883 mm Sr= 215 mm
ASW/Srreq = 2.009 RS fRY D
Asw/Srprov = 2104 mm
— —
First link perimeter 190 mm from column face / \
Quter links at 835 mm from column face / \
Uout= 577% mm = 5588 mm SPUR
See GEOMETRY page for link locations. PLAN / \l
Some links shown may need to be re-located to avoid holes. M "y
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