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Preface

Structural design has been always an importantt pdaile projecting a structure. This
design defines the skeleton of the structure asd détermines the allowable actions
and the behavior of the structure.

Nowadays is even more relevant than before sineeléisign has a direct influence in
the final cost of the structure. After the worldbaomic crisis, cost reduction and cost
control have become an important factor to be ctmed in all kind of project,
especially in the construction field.

Then, the planning phase becomes crucial to olataimdequate structural design by
comparing different alternatives. It's well knowmat a good planning can save money
in future phases of the project. Therefore, impaortant to properly define the solutions
in the early phase of the project.

In connection with the previously mentioned, thene a lot of possibilities and
configurations to be considered when designingiling. The main factor considered
in this paper has been the material election ith @ase. The same structure can be built
using different materials and different specifidusions derived from the use of that
material.

Reinforced concrete solution is and has been thet ragtended and used around
Europe. This is because of the good propertieh@fmaterial but in some cases this
may not be the most appropriate solution. Thes4%ital solution” is always on the

table but, as told before, is necessary to comterelifferent alternatives and consider
the pros and cons in each case.

For that reason it has been considered interestirmgpmpare different solutions using
the three most common types of building materiasiforced concrete, structural steel
and precast concrete. It is expected that theteeare conclusive and allow the analysis
and comparison of the influence of structural desngthe final costs of the structures.

Fernando Sattler Cantons

Trondheim, May 2016
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Summary

This paper deals with the analysis and design of hwildings for two different uses.
The first one is intended for residential use, @hiie second is designed for office
usage. These buildings will be located in the oftfrondheim, Norway.

The main objective of this document is to deternfiow the different structural designs
for the same building affect in the final coststbé structure, taking into account
different materials. The materials considered dythre design and analysis phases for
each of the buildings will be: reinforced concretguctural steel and precast concrete.
The structural scheme adopted for each buildind bel a constant in the various
alternatives considered in order to analyze howosimy one or the other material
influences the final cost of the structure.

Various structural solutions will be posed and camegd to choose the one considered
most suitable in each case depending on the speeéds.

The design and structural analysis will be perfatrmsing the software ETABS 2015.
In all cases the design will be done based onules ispecified in the Eurocodes, which
will be the reference standard. The main actionssiciered will be the gravitational
loads and lateral actions, such as wind and seigittions. Additionally, structural
verifications such as maximum vertical displacensrd maximum storey drift will be
done to ensure the validity of the designs.

After obtaining the designs for each alternativepmsed in both buildings an economic
analysis will be conducted, which will produce aali budget for each of the designed
structures. In order to do this, the 2010 editibthe “Norwegian price book” (Norsk
Prisbok 2010) will be used as a reference pricaluee.

Finally the different alternatives will be comparn@dorder to determine the advantages
and disadvantages of each and their influence efirthl cost.
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Resumen

El presente documento trata sobre el analisisgfidisie dos edificios tipo destinados a
dos usos diferentes. El primero de ellos esta pengara un uso residencial, mientras
gue el segundo esta pensado para albergar ofiéha®s edificios estaran localizados
en la ciudad de Trondheim, Noruega.

El principal objetivo de este documento sera dateamcomo influyen los diferentes

disefios estructurales para una misma edificacidlosenostes finales de la estructura,
teniendo en cuenta diferentes materiales. Los rabgerconsiderados al realizar el
disefio y el analisis para cada uno de los edifisesn: hormigbn armado, acero
estructural y hormigon prefabricado. El esquemauetiral adoptado para cada edificio
sera una constante en las diferentes alternativasideradas con el fin de analizar
coémo influye en el coste final la eleccién de uratno material.

Se plantearan y compararan diversas solucionesctstiles y se escogera la que se
considere mas adecuada en cada caso en funciéa dedesidades especificas.

El disefio y andlisis estructural se realizar4 earmge el software ETABS 2015. En

todos los casos dicho disefio se llevara a cabobese a lo especificado en los
Eurocédigos, que serdn la normativa de referentias principales acciones

consideradas seran las gravitacionales y las leser@les como acciones de viento y
sismicas. Adicionalmente se comprobara que logidsseumplen con especificaciones
estructurales tales como desplazamientos vertioadedmnos o desplomes laterales.

Una vez obtenidos los disefios para cada alternptavsteada en ambos edificios se
llevard a cabo un andlisis econOmico que permitiri@ner un presupuesto final para
cada una de las estructuras disefladas. Para elildiligara el “Libro de precios

Noruego” en su edicion 2010 (Norsk Prisbok 2010hadase de precios de referencia.

Finalmente se compararan las diferentes alterrsattoa el objeto de determinar las
ventajas y desventajas de cada una y su influemcé precio final.
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1. Introduction

Throughout history man has projected structureoriter to meet different needs:
housing, commerce sites, temples, etc. Over thages the structures have evolved
considerably. If we go back to the time of the Rantampire we can find great and
famous structures that are still standing up ifed#nt parts of the world. The problem
with these structures is that in the vast majooitycases were oversized, resulting in
higher than necessary resistance with its assoctatst.

Nowadays, with the constant evolution of constarctitechniques and improved
materials, high-resistance constructions can beeaeti while limiting the use of

resources such as materials, machinery and hunsaarces. This fact has a relevant
impact on building costs, which in most cases s thost important parameter to
determine the viability of a project.

Because of this evolution, today is easy to finifledent solutions involving different
materials (concrete, steel, wood, etc.) and diffecenfigurations.

In the last 100 years reinforced concrete has be=most used material in Europe for
all type of constructions. For this reason it candonsidered as a classical solution.
That is due to its advantageous characteristidgstive ease of construction, high
compression resistance, good seismic and vibraebavior, material availability in the
nature, good fire resistance, few maintenance sarh.

For these reasons is interesting to compare thgsidal solution to other solutions than
can be perfectly carried out in the same projedt) the same boundary conditions and
with the same shape. In this paper, besides remdoconcrete, structural steel and
precast concrete will be taken into account to canapheir behavior.

Steel structures are chosen in structural desigrialits high resistance per weight unit,
which allows light constructions and, in conseq@nmore open spaces with less
number of supports and smaller dimensions on thetstral elements. Furthermore,
steel structures show high ductility, which is vemyportant to achieve high
deformation without reaching the failure point. Esimg in the construction process,
these structures can be built in less time tharfored concrete ones, which generates
a direct impact both in manpower needs as in tintecast reduction.

On the other hand, precast concrete (also callethimicated concrete) is made in a
plant. This process has advantages with respéraddional reinforced concrete, which
iIs madein situ. Major quality can be achieved due to high contrmolmaterials and

12
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sectional geometry. It also allows a significané@xion time saving as well as in the
used machinery. Moreover, precast concrete carrdsressed. With this solution the
space between supports can be increased signi§icantd at the same time the
deflections can be reduced with respect to othietisas.

Finally, taking into account the different matesiand their strengths and weaknesses
and aiming on the construction costs, the differsolutions will be compared to
determine which one is the most competitive in ezage.

1.1. Justification and background

Since nowadays reinforced concrete, structural ateg precast concrete are commonly
used, it is interesting to compare different alégines. This should be done by showing
the technical and economic advantages and drawlmdaa@ch solution with respect to
the others.

As mentioned before, in the vast majority of casescost of construction of a building
is a key factor in determining the feasibility dfet project. For that reason it will
conduct a detailed economic analysis of the varioasts involving the different
materials in the structural design of buildings.

To that end, the structural design of two differbaotldings will be carried out taking
into account the three different materials mentibabove. The structural design will
focus in efficiency and costs control.

1.2. Objectives

The main objective of this master’s thesis will he economic comparison of the
different structural designs of two different bunds (a residential building and an
office building) to determine which one is the mfesisible and adequate solution.

To achieve this, it will be necessary to design amaddel the different structural
alternatives taking into account the different mats playing a role: reinforced
concrete, structural steel and precast concrete.

The approximate cost of each solution will be atedi according to the market prices,
which will be useful to generate a comparative géatil construction prices for every
solution considered.
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1.3. Methodology

This section aims in providing a brief descriptmfrthe content that the reader will find
in the different chapters.

Chapter 2 analyzes the different considerations\amthbles to be taken into account
while preparing a project. These variables go ftbenchosen standards, going through
the requirements that a structure have to satisfy @nds with the definition and
description of the different considered materials.

Chapter 3 analyzes the different factor playingle in the structural analysis of the
structures such as the hypothesis, the descriptidghe two buildings, the considered
actions, the design formulation used and a bris€dtion of the modelling software.

Chapter 4 considers the design and the analysiheofresidential building. In this
chapter the building is modelled using the softwarentioned in chapter 3 for the
different materials considered. Finally, the bebawf the building and the modelling
results are analyzed according to the standards.

Chapter 5 considers the design and the analysilseobffice building. The process is
similar to the previous building in chapter 4. Tiheee materials are considered and
some checks are done in order to fulfil the stadslar

Chapter 6 takes into account the economic anati@i® for the two buildings and for
each alternative considered. In this chapter thesidered items are presented and the
final cost of each alternative is analyzed and caneqb.

Chapter 7 contains the conclusions extracted flmarobtained results and the thoughts
derived from the different analysis done in pregiahapters.
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2. Preliminary structural considerations

This thesis will carry out the analysis of costsoasated with different structural
designs in the same building. For this it is neamgsfirst, to design the structural
elements that form the building following a serdéseference standards.

Since the cases analyzed are in Norwegian terraod, this paper aims to provide an
analysis as much global and applicable as possii@s considered appropriate to take
the Eurocodes as reference standards.

The following Eurocodes will be taken into accoduating design and analysis:

* Eurocode 1: Actions on structures (EN 1991)

» Eurocode2: Design of concrete structures (EN 1992)

e Eurocode 3: Design of steel structures (EN 1993)

e Eurocode 4: Design of composite steel and constetietures (EN 1994)
» Eurocode 8: Design of structures for earthquakisteexce (EN 1998)

2.1. Building requirements

When building a structure is expected to be capab¥athstanding the loads for which
it was designed. Moreover, it also has to be abléot it throughout its useful life with
the greatest possible efficiency.

The structures must be able to resist themselvdsresist also a variety of external
loads with varying backgrounds. These loads maguaeto non-structural elements and
loads resulting from the use of the building (geti walls, fixtures, furniture, etc.) or

to loads generated by the action of nature, sucthedateral loads of earthquake or
wind.

During the design phase, loads and other parameteodred must be considered in
order to achieve the best possible structural designeet these shares.

As discussed in the previous chapter, thanks taramhs in construction techniques and
constant development and improvement of materglgoissible to achieve structural
designs with high efficiency and durability withosécrificing other aspects such as
strength or appearance.
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To do this, the structure must meet a series afiregpents to ensure proper operation
and to develop it into a viable project for the gmse for which it was designed. These
requirements are:

* Resistance

The structure should adequately withstand the Ié@ad&hich it was designed; it can be
obtained from a suitable structural analysis, whaseuracy is increasing due to
advances in computational methods and probabikstiety studies.

e Durability

The structure must remain in good strength conatidunctionality and appearance for
the period of time for which it was designed, undlee conditions of use and

environmental exposure. To achieve this, the sirachas to have a proper design,
construction and maintenance.

» Stability

The structure must maintain the configuration tas originally conceived against
external actions. This implies that there must beakance of all the forces that are
acting on it to satisfy the condition of total dduium.

e Behavior during service

During the life of the structure, it must submiteptable service conditions. Among the
main aspects to be considered at this point itdévée taken into account the following:

horizontal and vertical deformation of structurdéneents, concrete cracking (the
cracked surface of concrete creates a sense ofurigeon people), perception of

movement within the building (vibration).

» Construction feasibility

The structure has to be constructible. To that gredesign has to be done according to
the available materials and the building technighas better adapts to our needs.

* Cost

The cost of a structure is very important when dglg an alternative, since this will
depend on the viability of the project. The desigsteould try to reduce costs as much
as possible but without reducing the strength ef structure. This will be achieved
from an adequate analysis of alternatives and bgstarying factors such as the type of
material or structural system used.

17



Master Thesis 2016 Fernando Sattler Cantons

2.2. Materials

The materials are the key factor in the structlnehavior. The choice of the right
materials is vital to ensure the different aspewsitioned above.

Each material has different properties that makentéresting when designing a
structure. The problem is that often a single nmates not enough to meet all the
resistant needs of the building. For this reasoday the majority of materials used in
construction are composite materials. Thus a congasaterial that combines all the
advantages of each material is achieved that wdyalows a good structural behavior.

The most significant case of composite materialeisaforced concrete. The concrete
itself is already a composite material, which thatkits different components achieves
a high compressive strength and durability. Theblem lies in its tensile strength,
which is very low (about 10% of its compressiveesgth). On the other hand steel is a
material with very good tensile strength, even w#tluced sections, making it ideal for
combining with the concrete material.

The three materials considered in this paper veillreinforced concrete, structural steel
and precast concrete.

2.2.1.Reinforced concrete

Concrete is an artificial material obtained frorne thixture of determined quantities of
cement, aggregates and water. Cement and watete caepaste that surrounds the
aggregates, constituting a heterogeneous matefiaimetimes, substances called
admixtures and additions are added to modify sompgrties of the concrete.

There are many types of concrete available, crelayedarying the proportions of the

main ingredients. In this way or by substitutiomr fbe cementitious and aggregate
phases, the finished product can be tailored tapglication with varying strength,

density, or chemical and thermal resistance pragsert

Mass concrete (without reinforcement) has a goadpressive strength but is weak
against tensile strength. This fact can be constexrs a limiting factor in some
structural applications. To provide concrete witkajer tensile strength steel rods are
used as reinforcement. The steel reinforcementespansible of handling tensile
strengths, providing concrete better propertiestagctural material. Reinforcement is
also used to increase compressive resistance, raglioe the cracking in concrete and
deflections and to achieve major ductility on cater

The combination of concrete and steel rods conestthe reinforced concrete.
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The advantages of reinforced concrete are:

1. Reinforced concrete has a high compressive strerugtipared to other building
materials.

2. Due to the provided reinforcement, reinforced cetercan also withstand a
good amount tensile stress.

3. Fire and weather resistance of reinforced concseftar.

4. The reinforced concrete building system is moreadigr than any other building
system.

5. Reinforced concrete, as a fluid material in theiti@gg, can be economically
molded into a nearly limitless range of shapes.

6. The maintenance cost of reinforced concrete is vy

7. In structure like footings, dams, piers etc. reioéal concrete is the most
economical construction material.

8. It acts like a rigid member with minimum deflection

9. Compared to the use of steel in structure, reiefbrconcrete requires less
skilled labor for the erection of structure.

On the other hand, the disadvantages of reinfotoedrete are:

1. The tensile strength of reinforced concrete is &bone-tenth of its
compressive strength.

2. The main steps of using reinforced concrete arengjxcasting, and curing.
All of this affects the final strength.

3. The cost of the forms used for casting reinforceshceete is relatively
higher.

4. Shrinkage causes crack development and strength los

2.2.1.1. Cement

Portland cement is the most common type of cemergeneral usage. It is a basic
ingredient of concrete, mortar and many plastdrgohsists of a mixture of calcium
silicates (alite, belite), aluminates and ferrktesompounds which combine calcium,
silicon, aluminium and iron in forms which will reawith water. Portland cement and
similar materials are made by heating limestonsof{a&rce of calcium) with clay and/or
shale (a source of silicon, aluminium and iron) gndding this product (called clinker)
with a source of sulfate.

There are various types of cement, which are gpddif the Eurocode 2:
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Table 1: Admissible cement for concrete types (Baam committee for standardization - 2002a)

Type of concrete Type of cement

Ordinary cements apart from types CEM II/A-Q,
CEM I/B-Q, CEM I/A-W, CEM I/B-W, CEM I/A-
Mass concrete T, CEM IVE-T and CEM III/C

ESP VI-1 cements for special purposes
Ordinary cements apart from types CEM Il/A-Q,

CEM II/B-Q, CEM /AW, CEM I/B-W, CEM IVA-
T, CEM I/B-T, CEM IIVC and CEM VIB

Reinforced concrete

Ordinary cements of types CEM | and CEM I/A-D,
Pre-stressed concrete CEM II/A-V, CEM IVA-P and CEM I/A-M{V.F)

2212. Water

Combining water with a cementitious material formmsement paste by the process of
hydration. The cement paste glues the aggregattheg fills voids within it, and
makes it flow more freely.

A lower water-to-cement ratio yields a stronger rendurable concrete, whereas more
water gives a freer-flowing concrete with a highleimp. Impure water used to make
concrete can cause problems when setting or inirgayzremature failure of the
structure.

Hydration involves many different reactions, oftercurring at the same time. As the
reactions proceed, the products of the cement tigdrprocess gradually bond together
the individual sand and gravel particles and ottmenponents of the concrete to form a
solid mass.

2.2.1.3. Aggregates

Fine and coarse aggregates make up the bulk ai@ete mixture. Sand, natural gravel
and crushed stone are used mainly for this purp&ecycled aggregates (from
construction, demolition, and excavation waste) arereasingly used as partial
replacements for natural aggregates, while a nundbemanufactured aggregates,
including air-cooled blast furnace slag and botash are also permitted.

The presence of aggregate greatly increases thabitity of concrete above that of
cement, which is a brittle material in its puretstand also reduces cost and controls
cracking caused by temperature changes. Thus derisra true composite material.
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Redistribution of aggregates after compaction oftezates inhomogeneity due to the
influence of vibration. This can lead to strengtadients.

According to Eurocode 2, the general requiremeotsnfaximum D and minimum d
sizes are:

Table 2: Maximum D and minimum d sizes (Europeammittee for standardization - 2002a)

Percentage passing through the sieve
{by mass)
2D| 14DY p" d a2
ok D>112andDid>2 |100| 9810100 | 901099 | Oto15 | 0to5
aggregate
D=11.20r D/d=2 (100( 98to 100 851099 0o 20 Otos
Fine aggregate D=4 and d=0 100 | 95to 100 851t0 99 Oto 20

a) Like 1.4D and d/2 sieves, they shall be taken from the series chosen or the following size of the
nearesi sieve in the series.

b) The percentage by mass which passes through sieve D may be more than 99%, but in
these cases the supplier shall document and confirm the representative particle size grading,
including sieves D, d, d/2 and intermediate sieves between d and D in the basic series plus
series 1, or from the basic series plus series 2. Sieves with a ratio of less than 1.4 times the
following lower sieve may be excluded.

2.21.4. Admixtures

Admixtures shall be understood to mean those smbssaor products which, once
incorporated into concrete prior to or during mgior additional mixing in individual
proportions not exceeding 5% of the weight of tament, ensure the desired alteration,
in the fresh or hardened state, in any of the @irts characteristics, usual properties or
performance.

Five types of admixtures, as indicated on Euro@dshall be considered:
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Table 3: Types of admixtures and functions (Europsammittee for standardization - 2002a)

TYPE OF ADMIXTURE MAIN FUNCTION

To reduce the water content of a concrete without modifying its

Wekr fedueraipladiicss workability or increase workability without modifying the water content,

To significantly reduce the water content of a concrete without modifying

Hngh-r:unge watla :;jrﬁ:: its workability or significantly increase workability without madifying the
water content.
Accelerators and retarders To modify a concrete’s setting time.
' i To produce a controlled volurne of fine air bubbles which are uniformiy
A-Eniraining agents distributed in the concrete in order to improve frost resistance.
Multi-functional To modify more than one of the main functions defined above.

2.2.15. Additions

Additions are those inorganic or pozzolanic matgrisor materials with latent
hydraulicity, which, when finely divided can be &didto concrete in order to improve
one of its characteristics or to endow it with speproperties.

Eurocode 2 only covers fly ash and silica fumeseddd concrete at the time of casting.

Fly ash is the solid residue collected by elec#tist precipitation or mechanical
trapping of the dust accompanying the combustiosegaof pulverized coal-fed
thermoelectric plant burners.

Silica fumes are a by-product obtained during #duction of high-purity quartz, with
carbon in electric arc furnaces for the productibeilicon and ferrosilicon.

Additions may be used as concrete constituentsigigdvthat evidence can be provided
of their suitability for use, and that the desiedfitct can be achieved without negatively
impact on the concrete’s characteristics or posingk to the concrete’s durability or

the corrosion-resistance of its reinforcements.

2216. Sted

As mentioned before, steel provides concrete wahsite strength. According to
Eurocode 2, passive reinforcement is achieved loygusnainly, two types of bars:
ribbed weldable steel bars and ribbed weldabld stgmlied in coils.

22



Master Thesis 2016 Fernando Sattler Cantons

The possible nominal diameters of ribbed bars shallas defined in the following
series:

6-8-10-12-14-16-20-25-32and 40 mm.

Apart from in the case of electro-welded mesh fabor basic lattice reinforcements,
diameters of less than 6 mm shall be avoided wieerary welding technique, either
resistant or non-resistant, is used in the makirgstallation of passive reinforcements.

The types of ribbed steel are defined in the follmptable:

Table 4: Properties of the different types of s{é&giropean committee for standardization - 2002a)

Weldable steel with special

Typa of steal Whidahie shent ductility characteristics
Designatian B400 3 B500 S B 400 5D B 400 5D
Yield strengh, f, (Nimm®)™ =400 =500 2400 2500
Uttimate tensile siress, f, (Mmm®™ z440 2550 2480 2575
Elongation to failure, £, 5 (%) 214 212 220 =16
Steel supplied as bars 25.0 25.0 275 275

Total elongation at

miaximium load, s, (%)

Steel supplied as rolls ® 7.5 27.5 =100 =10.0
115 s, 5
£,/ cao @ >1.05 =1.05 1,20 s, 51,356 i
Ty muslT, niired rfia - - <1.20 <125

The most common ribbed steel used in reinforcedreta is B500S.

2.2.2.Structural steel

Structural steelis a category of steel used asomstaiction material for making
structural steel shapes. A structural steel shapeprofile, formed with a specific cross
section and following certain standards for chemicamposition and mechanical
properties. Structural steel shapes, sizes, cotmposstrengths, storage practices, etc.,
are regulated by standards.
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Structural steel is an industrial production maewhich ensures that has adequate
quality control. This material is characterized togh strength, rigidity and ductility,
making it a material widely used for the projectafrearthquake-resistant structures.

There are many types of structural steel dependimgheir yield strength or their
welding capability under certain conditions. Eurdeo3 takes into account the
following types:

Table 5: Types of structural steel (European cotemitor standardization - 2002a)

Type S 235 S 275 S 355
Grade
JR S 235 JR 5275 JR S 355 JR
J0 S 235 J0 S 275 J0 S 355 J0
J2 S 235 J2 S 275 J2 S 355 J2
K2 - - S 355 K2

Table 6: Minimum yield strength and ultimate yistldength (N/mrf) (European committee for
standardization - 2002a)

Type Nominal thickness t (mm)
t< 40 40 <t =80
f, f, f, f,
S 235 235 360<f,<510 215 360<f, <510
S 275 275 430<f,<580 255 410<f, <560
S 355 355 490<«f,<680 335 470<f, <630

Figure 1: Structural steel profiles
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The advantages of structural steel are:

high strength and stiffness per weight

Ease of fabrication and mass production

fast and easy erection and installation

Substantial elimination of delays due to weather

More accurate detailing

Non-shrinking and non-creeping at ambient tempegatu
formwork unneeded

Termite proof and rot proof

. Uniform quality

10.Economy in transportation and handling

©oNe O AONRE

On the other hand, the disadvantages of structteal are:

1. Susceptibility to corrosion
2. Low fire resistance
3. Buckling and high deformation due to small sizeseimbers

2.2.3.Precast concrete

Precast concrete is a construction product produbgdcasting concrete in a
reusable mold or form which is then cured in a aalgd environment, transported to
the construction site and lifted into place. In trast, standard concrete is poured into
site-specific forms and cured on site.

By producing precast concrete in a controlled emnment (typically referred to as a
precast plant), the precast concrete is affordedofiportunity to properly cure and be
closely monitored by plant employees. Utilizingr@dast Concrete system offers many
potential advantages over site casting of concrgte. production process for Precast
Concrete is performed on ground level, which heljth safety throughout a project.
There is a greater control of the quality of matisrand workmanship in a precast plant
rather than on a construction site. Financiallg, fitbrms used in a precast plant may be
reused hundreds to thousands of times before trey to be replaced, which allow cost
of formwork per unit to be lower than for site-casbduction.
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Figure 2: Prefabrication plant

Within precast concrete it can be find two type<oiicrete: prestressed concrete and
post-tensioning concrete. The idea of prestres@ntpe same in both cases but the
technique to apply stresses is different. The difiee lies in that the prestressing cable
Is tensioned prior to hardening of the concrete thedoost-stressing after the concretes
hardening.

This technique is often employed in concrete beartokymns, spandrels, single and
double tees, wall panels, segmental bridge unit)-tee girders, I-beam girders, and
others. Prestressed elements are crack-free unol&ing loads and, as a result, look
better and more watertight, providing better caoogrotection for the steel.

The advantages of precast concrete are:

1.

The concrete of superior quality is produced &sossible to have better
technical control on the production of concretéaictory.

It is not necessary to provide joints in the précasstruction.

The labor required in the manufacturing proceghefprecast units can easily be
trained.

The molds employed for preparing the precast amgsof steel with exact
dimension in all directions. These molds are mam@able and they can be used
several times.

The precast articles may be given the desired stwaghdinish with accuracy.
The precast structures can be dismantled, whernreggand they can then be
suitably used elsewhere.

The transport and storage of various componentsmdrete for cast in situ work
are eliminated when precast members are adopted.

The work can be completed in a short time, wheogstunits are adopted.
When precast structures are to be installed avident that the amount of
scaffolding and formwork is considerably reduced.
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The disadvantages of precast concrete are:

1. If not properly handled, the precast units may amaged during transport.

2. It becomes difficult to produce satisfactory cortimts between the precast
members.

3. ltis necessary to arrange for special equipmaniffmg and moving of the
precast units.

4. The economy achieved in precast construction isgtisgirbalanced by the amount
to be spent in transport and handling of precashbegs. It becomes therefore
necessary to locate the precast factory at sutdca fhat transport and handling
charges are brought down to the minimum possiltiengx

2.2.3.1. Concrete

The precast concrete and especially for prestregseérally has a higher strength than
normal concrete used in reinforced concrete strastibecause the precast concrete
provides greater compressive load thus achievingidaimension of the elements and

thus less dead load.

2.2.3.2. Activerenforcement sted

Active reinforcements refer to the configuratiorfshigh strength steel elements by
means of which the structure is prestressed. Timagecomprise wires, bars or strands.

It must be taken into account that corrosion isitical factor for prestressing steel,
since the tensile strength is linked with the aagd, if the area is reduced, resistance
decreases and can produce a premature failurdelprestressed concrete, corrosion
protection is given by concrete but, in post-sirgssoncrete, the steel is not in contact
with concrete, then corrosion can be avoided bgciimg cement grout or grease into
the sheath after the end of the post-tensioningga®
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Figure 3: Prestressing steel strands

Eurocode 2 takes into account the following acteiaforcement elements:

- Wires:

Table 7: Types of prestressing wires (European citteenfor standardization - 2002a)

oevipan | Spresctoomes [ M it -
Y 1570C 9.4-10.0 1,570
Y 1670 C 70-75-80 1,670
Y1770 C 30-40-50-6.0 1,770
Y 1860 C 40-50 1,860
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- Strands:

Table 8: Strands of 2 or 3 wires (European comamiifite standardization - 2002a)

Designation Series of n?r:nr:ﬂ diameters Mm r:aLtl rl]gslsatl?afﬁn? in
Y 1770 52 56-6.0 1,770
Y 1860 S3 65-68-75 1,860
Y 1960 S3 52 1,960
Y 2060 S3 52 2,060

Table 9: Strands of 7 wires (European committeesfandardization - 2002a)

Desianation Series of nominal diameters in|  Maximum unit load fgin
g mm Nimm” not less than :
Y 1770 57 16.0 1,770
¥ 1860 57 9.3-13.0-152-16.0 1,860
- Bars:

The mechanical characteristics of prestressing, lwatermined from the tensile test
carried out in accordance with UNE-EN ISO 15630Halis satisfy the following

requirements:

- Maximum unit load fmax shall not be less than 98th?2.

- The yield strength fy shall be between 75 and 9@%h® maximum unit load
fmax. This ratio shall be satisfied not only by tihéimum guaranteed values
but also by each of the bars tested.

- Elongation at maximum load measured on a longialdrase of 200 mm or
more shall not be less than 3.5%.

- Their modulus of elasticity shall be the value gudeed by the manufacturer,
with a £ 7% tolerance.

Bars shall withstand the bending test specifiedUME-EN ISO 15630-3, without

breaking or cracking.

Relaxation at 1,000 hours at a temperature of 20@& and for an initial tensile stress of
70% of the guaranteed maximum unit load shall roeed 3%.
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3. Structural analysis

As discussed in the first chapter, design and strac analysis of two different
buildings will be made. The two buildings are irded for different uses and therefore
its structural design is also different. Both bunlygs are located in the city of Trondheim
in Norway. It is for this reason that the desigml @malysis of the buildings will focus
on the actions in that territory.

Normally the structural design of buildings is auk of certain initial and/or boundary
conditions, such as the location of the buildimg tlimate it will be subjected and must
withstand loads. After the assessment of all thmm®ditions and the combination of
these, the designer must make an appropriate desidye various structural elements
of the building. The same applies to the geomefrghe building. In addition, it's
necessary to choose the suitable materials to taridssuch loads.

Before starting the design of the structure and #lements it's necessary to carry out a
structural analysis. This analysis will determimti@s acting on the structure and the
effect they cause on it. Thus, structural analygsia be considered a cause-effect
analysis.

Once these effects have been obtained (momentsr &irees, stresses, strains, etc.),
one may proceed to design the right elements teeaddhe actions considered.

3.1. Hypothesis

For structural evaluation some assumptions have begde in order to simplify the
design phase and cost analysis.

First of all, foundations will not be taken intocacnt in this analysis. It is considered
that the foundations are sufficient for all struetutypologies and independent of the
material used. This measure makes the cost anagsis not depend on the foundation
elements, although in reality it does.

On the other hand, since the exact location of khédings is not defined, the
characteristics of the dominant ground type inditg of Trondheim will be taken into
account. Therefore, it was considered that the tfpground found more frequency in
the city is rock, with possible thin layers of atimeaterials on this.
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3.2. Description of the buildings
3.2.1.Building 1: Residential building

The first building is intended for residential umed has five habitable floors. On each
floor there are four apartments with identical disiens (42 rhof living area). The
height of each floor is 2.6 meters, except thet fil@or in which the height is 4.55
meters due to the existence of a loft space. Tae gimensions of the building are a
26x7.16 meter which means a floor area of 186.1@enstory.

Regarding the structural configuration, the resisscheme of the building is based on
bearing walls. On one hand there’s a perimeterifgarall, which has the greatest
thickness (0.25 m). The frontal bearing wall is0r thick. On the other hand there’re
partition bearing walls (0.20 m) that separates land the surface for each apartment.
The interior partitions of each apartment are nonetural.

This configuration creates spans of 6.50 m in Xeation and 7.16 m in Y-direction
which have to be saved using an adequate floorigumation with enough stiffness to
guarantee stability and serviceability comfort.

The following structural diagrams represent thefigomation adopted. View presented
both in elevation and plan.
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Figure 4: Residential building front view

31



Master Thesis 2016 Fernando Sattler Cantons

7,16

0,25

0,25 | 02 1 02 | 02 1 025

0,15

6.5 | 6.5 ! 6.5 ! 6,5

Figure 5: Residential building plan view

3.2.2.Building 2: Office building

The second building is intended for office use had also five usable floors. Since the
use for which the building is designed requires gineatest possible open space, no
internal separations (structural) on different feochave been considered. Internal
partitions are out of the scope of this thesis wuthe fact that they can be built using
non-structural partitions.

The height of each floor is 3 meters which allowace enough to host the different
installations and systems. The plan dimensions®building are 30x20 meters, which
supposes a useful area of 600par story.

The resistant structural scheme is based on stiffiés formed by beams and columns
in both directions. This bidirectional configuraticreates spans of 6 meters in X-
direction and 5 meters in Y-direction. That medrat there are five frames (porticos) in
X-direction and four frames (porticos) in Y-diremrii

Once again, the floor and deck system will be desigin order to be stiff enough to
fulfill with the standards (Eurocodes).

The following structural diagrams represent thefigomation adopted. View presented
both in elevation and plan.
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Figure 7: Office building plan view
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3.3. Actions

In order to make an adequate structural desigmalysis, it is necessary to know all the
loads acting on the structure and their value. Vidlae of the actions may be known or
unknown. In the latter case we must appeal toules for estimating the value of such
actions and to carry out structural analysis.

A building or generally a structure has to be destyconsidering two types of loads:
vertical or gravitational loads and lateral loa@savitational loads correspond to the
structure self-weight and the summation of alllteals contained in the building shape.
On the other hand, lateral loads correspond to w&otn and seismic effects.

Actions can appear for different reasons and may loiiferent origins, but consider it
is always necessary to define the problem.

Actions may be classified according to variatioemotime in the following groups:

- Permanent action (G): actions that take place lainaés and have a constant
magnitude and position. This group includes theddsaight of the structure,
flooring and pavements, auxiliary elements, fixestallations, etc.;

- permanent actions of inconstant value (G* ): aditrmat take place at all times
but whose magnitude is not constant and varies toaonasly, such as differed
movements in foundations;

- Variable actions (Q): actions whose value frequewndries over time and in a
non-monotonous way. This group includes servicerlogds, environment
actions, actions due to construction processes, etc

- Accidental actions (A): actions with a low probdlilof incidence throughout
the design working life of the structure but whimte of significant magnitude.
This group includes actions due to impact, explusi@tc. Earthquakes may be
considered to be of this type.

3.3.1.Self-weight load

This load corresponds to the weight of the stradt@lement itself and may vary
depending on the material, shape and volume. Ia thesis, the main materials
considered are concrete and steel, which satigfeethree structural patterns considered
(reinforced concrete, structural steel and precastrete).
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The self-weight of the elements has been computeokding to the following values:
Plain concrete: 2300 kg/m3 if fu < 50 N/mm?

2400 kg/m3 if fu > 50 N/mm?
Reinforced or prestressed concrete: 2500 kg/m3

Structural and reinforcement steel: 7850 kg/m3

3.3.2.Dead loads

These loads are considered as permanent loads. mibghitude can be constant along
time or can vary at one point. In this analysidyawonstant value dead loads had been
considered. In this way, the elements consideredkad loads are non-structural walls
and partitions, impervious isolation layers in figo tilling elements and its
corresponding mortar layer and all the equipmerted to satisfy the function of the
building (Heating and cooling systems, electricipment, pipes and ducts, etc.).

The value of these actions has been taken fromEtmecode 1 part 1-1, and is
represented on the following tables.

Dead loads considered in floors:

Table 10: Considered dead loads

Element Load Units ‘
Separation walls (<0.25 m) 1.4 KN/m?
Hydraulic tile and mortar 10 KN/
layer
Heatlng,. coollng and electric 05 KN/TP
installation
Total 2.90 KN/n?

The resultant load to consider in calculations .BON/nf but to simplify the input
data on calculations the load will be considerddNAn?.

Dead load considered on the roof:

In this particular case, the standards considératr the dead load on the roof of the
building is lower than in the lower floors so i a fix value of 1.50 kN/fm
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3.3.3.Live loads

Live loads are the consequence of the usage dfuihding and their origin may be very
different. The values of these loads are tabulaed specified in all design and
construction standards.

Once more, the values of the live loads taken adoount were extracted from the
Eurocode 1 part 1-1.

Table 11: Considered live loads

Definition
Residential buildings 2.0 KN/m
Office buildings 2.0 kN/rh
Roof live load 1.0 kN/m?

3.3.4.Snow loads

These loads are highly dependent on the geograptyttee height of the building
location. Snow loads can be considered as liveslol@ to its temporary nature. Snow
will only be considered on roof elements in thelding, and in all the places that could
gather snow.

Moreover, the load depends of the roof shape. dae is not the same in a flat roof and
in an inclined one. For the cases of study the iobnsidered flat in both cases.

The loads are specified in Eurocode 1 part 1-3 ead be determined using the
following expression:

S=u-C,-Cp- sy
Where,

u is the snow load shape coefficient

C, is the exposure coefficient

C; is the thermal coefficient

s Is the characteristic value of snow load on treugd
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The value ofy depends on the roof configuration. The value carfdund using the
following graph (Figure 5.1 in Eurocode 1 part 1-Bherea is the roof angle with
respect to the horizontal plane.

20

A
1.6 1 —
M2

po10
08

H1

0° 16° 30° 45° 60°
94

Figure 8: Shape coefficient graph (European coremitbr standardization (2002a) Figure 5.1)

It can be seen that for a flat roof the value & 0.

In the other hand, the exposure coefficient cafobed in the table 5.1 of EC1 part 1-3.
For normal conditiong, = 1.

Table 12: Types of topography and associated expanefficient (European committee for
standardization - 2002a)

Topography C,

Windswept * 0.8

Nommal 1,0

Sheltered 1,2
" Windswepl lopography. llat unobsiructed areas exposed on all sides
without, or little shelter allorded by terrain, higher consiruction works or
trees.

¥ Normal lopography. areas where there is no signiticant remaoval ol snow
by wind on construction work, because of terrain, other construction works
or irees

" Sheltered topography. areas in which the construclion work being

considered is considerably lower than the surrounding lerrain or
surrounded by high trees and/or surrcunded by higher construgtion works

According to Eurocode 1, the thermal coeffici€ptshould be used to account for the
reduction of snow loads on roofs with high therrrahsmittance (> 1 W/m2 K), in
particular for some glass covered roofs, becauseetting caused by heat loss.
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For all other cases:
Ct = 1

Finally, the value of the snow load on the grous)d €an be obtained according to the
following map.

Norway: Snow Load on the_Gr_plq.md

L Snow Load (kN/m2)

-
-
t

1250 Kilem eters

Figure 9: Snow loads on the ground for Norway (fpean committee for standardization - 2002a)

Then, the load considered in calculation accordingthe location of the city of
Trondheim will be 4.75 kN/f

As a result, the snow load considered in the catmns will be:

S=u-C,-Co-sp=08-1-1-4.75 = 3.80 kN/m?

3.3.5.Wind loads

The loads generated by the wind are dependent dfpheufactors such as building

height, building plan shape, orientation, geogrerea, terrain characteristics and so
on.

The definition of the snow load is made by applyihg graphs and tables in Eurocode
1 part 1-4, that allows us to obtain the pressoedficient to take into account.
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The pressure coefficient can be obtained from dbéet7.1 of the standard (Eurocode 1
part 1-4): Recommended values of external pressoefficients for vertical walls on
rectangular shape buildings.

Table 13: Wind pressure coefficients (European catamfor standardization - 2002a)

Zone | A B c D E

hid Coetn | Coe Cpe0 | Cpet Creta | Cpe Coe 10 | Cpe Cpe 10 [
5 -1,2 1.4 -0.8 11 -0.5 +0.8 +1,0 -0.7

1 -1,2 14 -0,8 11 0.5 +0.8 +1.0 0,5

<025 |12 |14 |08 |11 |-05 +0,7 | +1,0 0,3

The relationship between the height and plan dimessof the building and the profile
of velocity pressure is the following:

building  reference shape of profile
face height of velocity pressure
b
- [ 2
i — i z =h = —
| 0 g,(2)=q,(z,) N
h< b ho| | o .
z
1 —
" ra F Frrrr —r r ¥ 2 g . o
Plan
d
e + e=b or 2h,

'y whichever is smaller

b: crosswind dimension

——————— Elevation— — - — s

Figure 10: Relationship between height and plaredisions for wind pressure coefficient
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The expression to compute the wind pressure overtecal wall is:
We = (ref * Ce(zc) - Cpe

For Norway the product af,..f - C.(z.) can be taken directly from a table. This value
depends on the geographic area and the altitude iako account.

Table 14: Wind speed for the different geographé@aa (European committee for standardization -

2002a)
Curve Wind speed (m/s)
v =117 (logqo Z + 2)with Z> 6 m, corresponding to v=35m/s and Z = 10 m.
A Applicable in regions with moderate wind, lowerdarof the interior zones far

instance.

v = 13.3 (logqo Z + 2)with Z> 6 m, corresponding to v =40 m/s and Z = 10 m.
Applicable in regions with strong wind.

v = 80% of curve A with Z> 6 m, corresponding to v =28 m/s and Z = 10| m.
C Applicable to structures located in densely builbhes. Not applicable in zones
with severe climate.

v = 80% of curve B with Z> 6 m, corresponding to v = 32 m/s and Z = 10| m.
D Applicable to structures located in densely budhes and zones with severe
climate. Not applicable in zones where curves E are used.

v =15 (log,o Z + 2)with Z> 6 m, corresponding to v = 45 m/s and Z = 10| m.
Applicable in regions with strong wind.

v =16.7 (log,o Z + 2)with Z> 6 m, corresponding to v = 50 m/s and Z = 10 m.
Applicable in regions with very strong wind.

Then, the final expression to determine the wirespure load will be:

pP
Wezz.vz.cpe

With p = 1.25 kg/ni being the density of the air.

3.3.6.Seismic loads

Put into a global scale, Norway can be seen aw @adontermediate seismicity area. An
analysis of historical data can indicate that eprétkes with a magnitude of 5 or larger
on the Richter scale be expected to have a retariog of 10 years according to
NORSAR. Earthquakes with a magnitude of 6 or lamgéirhave a return period of 100

years.

Strong ground motion in the vicinity of an earthk@aource is characterized by strong
velocity pulses with high energy concentration. Vecity pulses are more prominent
in the forward direction, i.e., at stations towawdsch the fault rupture propagates. The
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concentration of seismic energy in one or a fewes/of strong pulses causes severe
lateral displacement demands on engineering stestn the other hand, the high
frequency energy is relatively lower.
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Figure 11: Norwegian Seismic zoning maps, continasl for annual probability of 210-3 (NORSAR)

From the previous figure, it can be determined thatground accelerationg(g) for
Trondheim is 0.4.

To define the design earthquake is necessary tw khe elastic response spectrum.
This elastic response spectrum depends on theofyg®und in which the structure will
be located.

The standard that regulates the seismic behavimtrattures and its calculation is
Eurocode 8. Then, the elastic response spectrumn beildetermined according to
Eurocode 8.

As stated in previous chapters, to model and coenput structural response of the
buildings, the software ETABS 2015 will be usedisThoftware includes the elastic
response spectra in the database, so it is nossegeto predefine or model it. Then,
only the type of land on which the structure isltowill be needed.

According to Eurocode 8 there are five typical grduypes (A, B, C, D, E) and 2
special ground types (S1, S2) that may be useattount for the influence of local
ground conditions on the seismic action. The avesdgear wave velocity in the top 30
m from the surface is computed according to thiefwohg equation:
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Where,

hi and vi denote the thickness (in meters) andstiear wave velocity (at a shear strain
level of 10-5 or less) for the i-th formation oyéd, in a total of N.

If the value of vs,30 is not available, the numbgblock outs per 0.3 m iNSPT test
can be used. If this number is not available ejttter undrained cohesion “Cu” can be
used.

The following table presents the description ofhegcound type, and the definition
parameters.

Table 15: Seismic parameters for the different gootypes (European committee for standardization.
(2004c) Table 3.1)

Ground | Description of stratigraphic profile Parameters
type
vosn (MYs) | Nepr ¢y (kPa)
1 Blowss 3dem
I

A Rock or other rock-like geological > B0

formation, including at most 5 m of

weaker material at the surface |

B | Deposits of very dense sand, gravel, or | 360 - 800 |~ 30 = 250
very stff clay, at least several tens of
metres in thickness, characterised by a
gradual increase of mechanical
properties with depth,

C Deep deposits of dense or medium- 180 =360 |15-50 70 - 250
dense sand, gravel or stff clay with
thickness from several tens to many
hundreds of metres.

D Deposits of loose-to-medium < |80 <15 <70
cohesionless soil (with or without some
soft cohesive layers), or of
predominantly soft-to-firm cohesive
soil.

E A soil profile consisting of a surface
alluvium layer with v, values of type €
or D and thickness varying between
about 5 m and 20 m, underlam by
stiffer material with v, > 800 m/s.

5 Deposits consisting, or containing a < 10H) 10-20
layer at least 10 m thick, of soft
clays/silts with a high plasticity index
(Pl =407 and high water content

(indicative)

& Deposits of liquetfiable soils, of
sensitive clays, or any other soil profile
not included in types A - E or §

Ground type that best suited to the geology of @hamm is soil A; so it is this type of
ground which will be taken into account when mauglihe structures.
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The elastic response spectrum shape is defindaifotlowing figure:

N b = —t

[ / [ {

Figure 12: Elastic response spectrum (European dtieanfor
standardization. (2004c) Figure 3.1)

Where:
Ts is the lower limit of the period of the constapectral acceleration branch
Tc is the upper limit of the period of the constspéctral acceleration branch

To Is the value defining the beginning of the constisplacement response range
of the spectrum

S is the soil factor

The parameters that define the shape of the spedepend on the ground type and can
be obtained from the tables on Eurocode 8.

Eurocode 8 defines 2 spectrum types: Type 1 foiorsgwith high seismic activity
(defined asM > 5,5), and Type 2 for regions with average saisactivity M < 5,5).
Spectrums for each ground type are presentedrblaide ground typesA - rock ,B —
very dense sand, gravel or very stiff clay, C —sdear medium dense sand, gravel or
stiff clay, D — loose-to-medium cohesionless swiitlf or without some soft cohesive
layers), or of predominantly soft-to-firm cohesis@il, E — soil profiles consisting of a
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surface alluvium layer witkis values of type C dD and thickness varying between
about 5 m and 20 m, underlain by stiffer materidie vertical axis is the spectral
acceleration of an elastic structure normalizetthéog,.

Table 16: Values for the elastic response specirype 1

(European committee for standardization. (200484 8.2)

Ground type 5 Te Tc Tp
A 1.0 0.15 0.4 2.0
B 1.2 0.15 0.3 2.0
C 1.15 0.20 0.6 2.0
D 1.35 0.20 0.8 2.0
E 1.4 0.15 0.3 2.0

Table 17: Values for the elastic response specirype 2

(European committee for standardization. (200484 8.3)

Ground type = Tg Te To
A 1.0 0.05 0.25 1.2
B 1.35 0.05 0.25 1.2
C 1.5 0.10 0.25 1.2
D 1.8 0.10 0.30 1.2
E 1.6 0.05 0.25 1.2
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According to the parameters stated above, thevidllp figures present the elastic
response spectrums defined by Eurocode 8 for eacimd type.
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Figure 13: Elastic response spectrum Type 1 forpilag 5%
(European committee for standardization. (200Bigiure 3.2)
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Figure 14: Elastic response spectrum Type 2 forpilag 5%

(European committee for standardization. (2004gyfe 3.3)
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In the calculations, only the horizontal displaceimédue to earthquake will be taken
into account. Seismic actions will be considereihgon the two planes of the building
plan, with its assigned values specified in Eurec8d

3.3.7.Combination of actions

The possible combinations of actions shall be distedd for each of the situations
studied. A combination of actions shall consistaoc$et of compatible actions which
shall be considered as acting simultaneously Bpezific check.

Each combination will usually comprise permanerntoas, one determinant variable
action and one or more concomitant variable actidmy of the variable actions may
be the determinant action.

The combinations will depend on the limit statest Bltimate limit states (ULS) and
serviceability limit states (SLS) the combinatiomsy vary by introducing different
coefficients.

The representative value of an action is the vakesl to check its limit states.
One action may have one or more representativesatiepending on its type.

The representative value of an action is its charestic value Fk or this as affected by
a simultaneity factowi:

WPi- Fk

The characteristic values of actions shall be tlgdgen in the regulations on actions in
force.

Table 18: Simultaneity factors for service overlaubuildings (European committee for standaribrat

- 2002a)
USE OF THE MEMBER Vo v v
Residential and domestic areas 0.7 0.5 0.3
Office areas 0.7 05 03
Meeting areas 0.7 0.7 0.6
Commercial areas 0.7 0.7 0.6
Storage areas 1.0 0.9 0.8
Traffic areas with vehicle weight = 30 kN 0.7 0.7 0.6
Traffic areas, 30 kN < vehicle weight = 160 kN 0.7 0.5 0.3
Inaccessible ceilings 0.0 0.0 0.0
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Table 19: Simultaneity factors for snow action @ean committee for standardization - 2002a)

Yo \d A&
Buildings located at an altitude of H > 1000 metres 07 05 0.2
above sea level
Buildings located at an altitude of H = 1000 metres 05 0.2 0.0
above sea level

Table 20: Simultaneity factors for wind action (Bpean committee for standardization - 2002a)

Yo Wy o
06 0.2 0.0

3.3.7.1. Ultimatelimit states

The combinations of actions for the different dasigituations shall be defined
according to the following expressions:
In persistent or temporary situations:
ZTG,ij,j + ZTG*,]'G i +Y01Qk1 + z Y0.i¥0,iQui
[EN [EN i>1

In accidental situations:

ZTG,ij,j + ZTG*,J'G i tYafe Yo v Qu + ZTQ,iW;,iQk,i

izl izl i>1

In earthquake situations:

ZTG,]'GL:,]' + ZTG*,J'G g Tratg T v Qg T ZTQ,i‘lfz,iQk,i

jzl =l i1
Where,
GKk,j characteristic value of permanent atdjo

*

G k,j characteristic value of permanent actionthai non-constant value;
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Qk,1 characteristic value of the determinamialde action;

vo,i QKk,i representative value of a combinatidvariable actions acting at the same
time as the determinant variable action;

v1,1 Qk,1 frequent representative value of therd@nant variable action;

v2,i Qk,I quasi-permanent representative valueaoiable actions acting at the same
time as the determinant variable action and th&lantal action, or with an earthquake;

Ak characteristic value of the accidentalatt
AE .,k characteristic value of earthquake action.

In persistent or temporary situations where thenmeoi obvious determinant actiQxk,1,
different possibilities will be assessed, consiugrdifferent variable actions as the
determinant action.

Partial factors for actions, for assessing ultintiaé states:

Table 21: Partial factors for actions (Ultimateitistates) (European committee for standardization

2002a)
ACTION TYPE Persiste_nt or temporary Accidental situations
situations
Favourable Unfavourable Favourable Unfavourable
effect effect effect effect
Permanent Vs = 1.00 vz = 1.35 Ve =1.00 ve =1.00
Permanent with non- _ _ _ _
constant value Yo =1.00 Yo = 1.50 Yo = 1.00 Yo = 1.00
Variable Yo = 0.00 Yo = 1.50 Yo = 0.00 Yo =1.00
Accidental - - Vo =1.00 Ya = 1.00

3.3.7.2.  Serviceability limit states

Only persistent and temporary design situationscarnsidered for these limit states. In
these cases, combinations of actions shall be etefimccording to the following
expressions:
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Unlikely combination:
ZTG,J'GL:,]' + ZTG*,J'G kit Qk1+ z Y0, P, Qu;
1=l j=1 11

Frequent combination:
Z?G,JGM + Z?’G*,;G kgt Vo1l + Z Yo%, O ;

= jz1 i1

Quasi-permanent combination:

ZTG,ij,j + 2'&’@*,]"3*1{,1' + ETQJLPEJQL:J

izl izl izl

Partial factors for actions, for assessing seriti@alimit states:

Table 22: Partial factors for actions (Servicepiiimit states) (European committee for standation -

2002a)

ACTION TYPE Favourable effect Unfavourable effect
Permanent vs = 1.00 Vs = 1.00
Permanent with non-constant value ve = 1.00 Vo= 1.00
Variable v = 0.00 Vg = 1.00

3.4. Design formulation

The aim of this section is to present the constd@ra and the methodology used for the
design of the different structural elements congdelt is not intended to reproduce
verbatim the regulations or standards in quessorin each case appropriate references
to the standards and formulation will be made.

It must be remembered that Eurocodes have beaefdrence standards in all cases.
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3.4.1.Reinforced concrete alternative

34.1.1. Concrete cover and spacing of bars

Concrete cover

The concrete cover over the reinforcement bars bl held according with the

statements done in EC2 4.4.1 taking into consigerahe durability of the elements.

To properly design the correct cover it will be esgary to identify the environmental
conditions for each case and the correspondingsexpaclass appealing to EC2 Table
4.1.

Spacing of bars

“The spacing of bars shall be such that the coa@ah be placed and compacted
satisfactorily for the development of adequate bbnd

The recommendations for bars spacing and distabuwre extracted from EC2 8.2.

34.1.2. Column design

Columns will be subjected to biaxial bending momseantd axial load. Then, a proper

design has to be done to withstand those loadsedxer, shear forces will be present

due to the interaction of the different elementsafbs and columns) and that has to be
taken into account as well.

Bending

Bending will be considered taking into considenatibe recommendations proposed in
EC2 6.1. One of the most important consideratisribe following:

“For cross-sections loaded by the compression fards necessary to assume the
minimum eccentricity, £= h/30 but not less than 20 mm where h is thehdeptthe
section” (EC2 6.1 - 4).

Since biaxial moment is acting in the vertical eéemthe previous consideration has to

be extended to both axes. Then, EC2 5.8.9 takesacdount that behavior defining the
eccentricities from where the design will be catrie
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Figure 15: Definition of eccentricities and g (European

committee for standardization — 2004a) Figure 5.8)

The design reinforcement to cope bending momentsleisign according to the
recommendations in EC2 9.5.2 and are as follows:

“The total amount of longitudinal reinforcement atinot be less thangyin”

0.10 N,y

——0.0024
fyd C>

Ag min = max<

“The area of longitudinal reinforcement should erteed Amax”

“The recommended value is 0.04- Ac outside lap lonatunless it can be shown that
the integrity of concrete is not affected and thatfull strength is achieved at ULS.

This limit should be increased to 0.08- Ac at laps.”

Shear

The shear reinforcement will be available usingcésnand stirrups so as to cope
traversal actions, following the recommendationsbefnt and disposition set out in

sections 8.3 and 8.7 respectively on Eurocode 2.

The general design and verification for the sheerds are done according to EC2
6.2.1, where the shear resistance of the elemelefiised as follows:

Vea = Vra,s + Veca + Via
Where,
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VRrdc IS the design shear resistance of the membeoutighear reinforcement.

VRras IS the design value of the shear force which carsistained by the yielding
shear reinforcement.

VRramaxiS the design value of the maximum shear force wiEn be sustained by the
member, limited by crushing of the compressiontstru

Vg IS the design value of the shear component ofdiee in the compression area,
in the case of an inclined compression chord.

Vi is the design value of the shear componentefdlte in the tensile
reinforcement, in the case of an inclined tendilerd.

For structural elements not requiring design shemforcement, verifications have to
be done following the rules stated in EC2 6.2.2. dddition, minimum shear
reinforcement must be placed according to formatatiollected in EC2 9.2.2.

For structural elements requiring design shearfamement, verifications and design
have to be done following the rules stated in EC2.36to obtain the necessary
transversal reinforcement.

Since the specific elements in this particular cagecolumns, some rules have to be
fulfilled for this kind of elements such as minimar diameter or bar spacing. These
rules can be found on EC2 9.5.3 and are the foligwi

(1) The diameter of the transverse reinforcememkg| loops or helical spiral
reinforcement) should not be less than 6 mm orquaater of the maximum diameter of
the longitudinal bars, whichever is the greatere Oameter of the wires of welded
mesh fabric for transverse reinforcement shouldoedess than 5 mm.

(2) The transverse reinforcement should be anchadeduately.
(3) The spacing of the transverse reinforcemenigalihe column should not exceed
Scimax Which can be determined as the least of:

- 20 times the longitudinal reinforcement diameter
- The lesser dimension of the column
- 400 mm

(4) The maximum spacing required in (3) shoulddsiuced by a factor 0.6:

(1) in sections within a distance equal to the largemedision of the column
cross-section above or below a beam or slab;

(i) near lapped joints, if the maximum diameter of tbegitudinal bars is
greater than 14 mm. A minimum of 3 bars evenly @tain the lap length is
required.
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(5) Where the direction of the longitudinal barsaces, (e.g. at changes in column
size), the spacing of transverse reinforcement Idhbe calculated, taking account of
the lateral forces involved. These effects maydmoied if the change of direction is
less than or equal to 1 in 12.

(6) Every longitudinal bar or bundle of bars pladgada corner should be held by
transverse reinforcement. No bar within a compogsgbne should be further than 150
mm from a restrained bar.

34.1.3. Beamdesign

Beams will be subjected to bending moments andrstoeees due to the structural
configuration of the building.

As done for the column case, the design critefiavie the recommendations stablished
in Eurocode 2.

Bending

Bending will be considered taking into considenatibe recommendations proposed in
EC2 6.1 to determine the ultimate bending resigtavfcthe element. To do it, some
assumptions will be made:

Plane sections remain plane.

- The strain in bonded reinforcement or bonded pessing tendons, whether in
tension or in compression, is the same as thaiesarrounding concrete.

- The tensile strength of the concrete is ignored.

- The stresses in the concrete in compression areeddrom the design
stress/strain relationship (EC2 3.1.7.)

- The stresses in the reinforcing or prestressirg) are derived from the design
curves in EC2 3.2 and 3.3.

- The initial strain in prestressing tendons is takea account when assessing the
stresses in the tendons.

The design is done according to the ultimate Istates (ULS) configuration.
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The determination of the maximum and minimum lomgimal reinforcement is done
following the specifications in EC2 9.2.1.1:

“The area of longitudinal tension reinforcementddaot be taken as less thagnf”

Agmin = o.ze”L’:btd but not less thar0.0013b,d

Ty

“Sections containing less reinforcement than A should be considered as
unreinforced”

“The cross-sectional area of tension or compresgeanmforcement should not exceed
As maxoutside lap locations. The recommended value ¥4),0

Shear

In this case, the same general approach adoptezbiemns can be applied for beams
since stirrups are also used to collect shears&sesThe general design approach is
collected in EC2 6.2.

For structural elements not requiring design sheeforcement, verifications have to
be done following the rules stated in EC2 6.2.2. dddition, minimum shear
reinforcement must be placed according to formaihatiollected in EC2 9.2.2.

The minimum reinforcement per unit of length,Aan be computed by imposing the
minimum value of the shear reinforcement rationgghe following expressions:

_ Agw
Pw =5 b,, - sina
0.08 - /For
Pwmin = fy—k

Where,

Pw is the shear reinforcement ratpm,(should not be less thax), ,,,i,)
Ag,, IS the area of shear reinforcement within length s

S is the spacing of the shear reinforcement medsalong the longitudinal axis of
the member

b, is the breadth of the web of the member

a is the angle between shear reinforcement antbtiggtudinal axis
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For structural elements requiring design shearfamement, verifications and design
have to be done following the rules stated in EC2.36to obtain the necessary
transversal reinforcement.

Finally, as seen in EC2 9.2.2, the maximum separdtetween shear assemblies should
not exceed Gax

Simax = 0.75d(1 + cota)

34.1.4. Wall design

Walls are compression based elements where bergidgshear can occur. To fully
design the walls it is necessary to define theinfoecement, longitudinal (vertical and
horizontal) and transversal.

The wall design is done according to EC2 9.6, whhee following specification is
made:

“This clause refers to reinforced concrete wallghva length to thickness ratio of 4 or
more and in which the reinforcement is taken irdooant in the strength analysis. The
amount and proper detailing of reinforcement maydeeved from a strut-and-tie

model. For walls subjected predominantly to ouplaire bending the rules for slabs

apply.”
Since the designed walls fulfil the previous reguients, this clause can be applied.
The vertical reinforcement design is done followihg recommendations in EC2 9.6.2:
(1) The area of the vertical reinforcement shoiddketween As,vmin and As,vmax.
The recommended values for both parameters are:

Agymin = 0.002 - A,

Agymax = 0.04- A,
The previous As,vmax value is applicable outsagelbcations unless it can be shown
that the concrete integrity is not affected and tha full strength is achieved at ULS.

This limit may be doubled at laps.

(2) Where the minimum area of reinforcement, Asyyneontrols in design, half of this
area should be located at each face.
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(3) The distance between two adjacent vertical bhedl not exceed 3 times the wall
thickness or 400 mm whichever is the lesser.

The horizontal reinforcement design is done follayvihe recommendations in EC2
9.6.3:

(1) Horizontal reinforcement running parallel tetfaces of the wall (and to the free
edges) should be provided at each surface. It dhmatlbe less than As,hmin.

The recommended value is either 25% of the vertieatforcement or 0,001-Ac,
whichever is greater.

(2) The spacing between two adjacent horizontas Isdould not be greater than 400
mm.

Finally, the transverse reinforcement is desigredas the following rules (EC2 9.6.4):
(1) In any part of a wall where the total arealud vertical reinforcement in the two
faces exceeds 0.02-Ac, transverse reinforcemeheiform of links should be provided

in accordance with the requirements for columns2BX%5.3). The large dimension
referred to in EC2 9.5.3-(4)-(i) need not be tagezater than 4 x thickness of wall.

(2) Where the main reinforcement is placed neatesthe wall faces, transverse
reinforcement should also be provided in the foffrfinks with at least of 4 per m2 of
wall area.

3.4.15. Solid Slab design

Slabs have to withstand bending moments and slozaes provoked by the other
structural elements. EC2 9.3 describes the desigs for solid slabs.

That section applies to one-way and two-way sdidbss for which b and leff are not
less than 5h.

Flection

The recommendations are collected in EC2 9.3.1garelthe following statements:
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(1) For the minimum and the maximum steel percesgag the main direction 9.2.1.1
(1) and (3) apply.

Those steel percentages statements can be foutie dream part, in section 3.4.1.3 of
this paper.

(2) Secondary transverse reinforcement of not e 20% of the principal
reinforcement should be provided in one-way sldbsareas near supports transverse
reinforcement to principal top bars is not necessdrere there is no transverse bending
moment.
(3) The spacing of bars should not exceed Smas,slab

Smax,stabs = 3h < 400 mm
Where h is the total depth of the slab.
(4) The rules given in EC2 9.2.1.3 (1) to (3), E£2.1.4 (1) to (3) and EC2 9.2.1.5 (1)

to (2) also apply but with; = d.

Shear

Shear reinforcement design is done according to €£8.2.

The most important factor to take into accounthis tase is the depth if the slab. As
stated in that section: “A slab in which shear f@icement is provided should have a
depth of at least 200 mm”.

“In detailing the shear reinforcement, the minimumalue and definition of
reinforcement ratio in EC2 9.2.2 apply, unless rfiediby the following:”

In slabs, if|V,4| < 1/3 Vramax (EC2 6.2), the shear reinforcement may consistedyt
of bent-up bars or of shear reinforcement assesiblie

3.4.1.6. Ribbed slab design

The design of this kind of slabs is done usinglibam theory and, therefore, the same
design formulation and considerations. The designsiclerations can be recovered
from section 3.4.1.3 of this paper.
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Ribbed slabs can be considered as a union of T fieAs1a result of their shape,
additional considerations have to be done to ddheeoverall shear resistance. This is
the shear between web and flanges.

The design and verification process can be found@2 6.2.4 and takes into account
the following recommendations:

(1) The shear strength of the flange may be caledlay considering the flange as a
system of compressive struts combined with tieghénform of tensile reinforcement.

(2) A minimum amount of longitudinal reinforcemestiould be provided, as specified
in EC2 9.3.1.

(3) The longitudinal shear stress, VEd, at the tioncbetween one side of a flange and
the web is determined by the change of the nortaagitudinal) force in the part of the
flange considered, according to:

Vo AF,
ed — hf - Ax
Where,
h¢ is the thickness of flange at the junctions

Ax is the length under consideration.
AF4 is the change of the normal force in the flangerdhe lengthix.

(4) The transverse reinforcement per unit lengttifsnay be determined as follows:

Age - fyd > Vea - hf
Sf ~ cot Hf
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A b
E - compressive struts |£/ - longitudinal bar anchored beyond this projected point

Figure 16: Notations for the connections betweandge and web (European
committee for standardization — 2004a) Figure 6.7)

To prevent crushing of the compression struts énfidnge, the following condition
should be satisfied:

Vea S V- feq - Sinby - cosOy

3.4.2.Structural steel alternative
34.21.  Column design

Composite concrete-steel columns are used in thetgtal design of the buildings and
the applicable standard in that case is Eurocode 4.

Composite column members have to have a determimabamum and minimum
amount of steel contribution to be considered ampmsite. If not, the column can be
considered as a concrete column or as a steel polliilns range is defined in EC4
6.7.1.

02<6<09
A
5= afyd
Ny ra

On the other side, there are some geometrical diraits on the design of these
structural members, stated in EC4 table 6.3:
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Table 23: Maximum values (d/t), (h/t) and (pitith fy in N/mn? (European committee for
standardization. (2004b))

Cross-section Iz (A4, maez () and mas (5
Circular hollow 235
steel sections e (4 = 90—
Jy
Rectangular hollow =t =
steel sections Yo e max (At =52 I|_
- - ‘Il J‘I
i B
I
i
Partially encased 35
[-sections max (b4 ) = 44 I'
| V5
; A

There are two design methods according EC4:

- A general method in EC4 6.7.2 whose scope includesbers with non-
symmetrical or non-uniform cross-sections overable@mn length and

- A simplified method in EC4 6.7.3 for members of diyusymmetrical and
uniform cross section over the member length.

In this particular case, the simplified method pplecable and will be followed to
design the columns.

The resistance of the cross section of the colusmasild be evaluated according the
criteria stated in EC4 6.7.3.2 and taking into edestion the M-N interaction diagram.
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Figure 17: Simplified interaction curve and cormsging stress distributions (European committee for
standardization. (2004b) Figure 6.19)

Bending

Columns are subjected to compression and biaxiatlihg due to the frame system
configuration. The considerations for the desigd aarification of these actions are
taken into account in section 6.7.3.7 of the Eudecé and are as follows:

(1) For composite columns and compression membehsbiaxial bending the values

Uay andpg, in EC4 Figure 6.20 may be calculated according@d 6.7.3.6 separately

for each axis. Imperfections should be considemrdg m the plane in which failure is

expected to occur. If it is not evident which plan¢he more critical, checks should be
made for both planes.

(2) For combined compression and biaxial bendimgftlowing conditions should be
satisfied for the stability check within the coluemgth and for the check at the end:

My,Ed Mz,Ed
— < ay — =< ay
M Y M ?
Hay Mp1y Rd Haz MplzRd
M,y ga M, gq
yl ” < 1'0

Uay Mpryra  Haz Mpizrd

Where,
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My, ra @NdM,,; , s are the plastic bending resistances of the rateydane of
bending;

M, pq andM, g4 are the design bending moments including secoddra@ffects
and imperfections according to 6.7.3.4;

Uay andpg, are defined in EC4 6.7.3.6;
ay, = ay anday , = ay are given in EC4 6.7.3.6(1).
Shear

Shear in composite columns is taken into accounE@# 6.7.4 and then the most
important considerations for the design are shown:

“For composite columns and compression members hearsconnection need be
provided for load introduction by endplates if thdl interface between the concrete
section and endplate is permanently in compresdiaking account of creep and

shrinkage. Otherwise the load introduction shouédveerified according to (5). For

concrete filled tubes of circular cross-section éfffect caused by the confinement may
be taken into account if the conditions given indE&7.3.2(6) are satisfied using the
valuesna andnc for A equal to zero.”

“If the concrete in a filled circular hollow secticor a square hollow section is only
partially loaded, for example by gusset plates ughothe profile or by stiffeners as
shown in Figure 6.22, the local design strengtbasfcretesc,Rd under the gusset plate
or stiffener resulting from the sectional forces tbe concrete section should be
determined by:

t f, A A fea
Oc,Rd = fea (1 + 1L Eﬁ) _i < ;116 s fyd
where:
t is the wall thickness of the steel tube;
a is the diameter of the tube or the width ofgheare section;

Ac is the cross sectional area of the concreteoseof the column;
Al is the loaded area under the gusset plate;8deFigure 6.22;
nck  =4,9 for circular steel tubes and 3,5 for sgusections.
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To consider longitudinal shear and the interactietween concrete and steel on the
interface, recommendations given in EC4 6.7.4.3ikhbe followed:

(1) Outside the area of load introduction, longiadl shear at the interface between
concrete and steel should be verified where iaissed by transverse loads and /or end
moments. Shear connectors should be provided lasdide distribution of the design
value of longitudinal shear, where this exceedsitggn shear strengthg.

(2) In absence of a more accurate method, elastitysis, considering long term effects
and cracking of concrete, may be used to deterrthieelongitudinal shear at the
interface.

(3) Provided that the surface of the steel sectiorcontact with the concrete is
unpainted and free from oil, grease and loose smaleist, the values given in EC4
Table 6.6 may be assumed 1@

Table 24: Design shear strength (European comnfittestandardization. (2004b) Table 6.6)

Type of cross section Tra (N/mm?)
Completely concrete encased steel sections 0,30
Conerete filled circular hollow sections 0,55
Conerete filled rectangular holl ow sections 0,40
Flanges of partially encased sections 0,20
Webs of partially encased sections 0,00

(4) The value oftRd given in Table 6.6 for completely concrete erdasteel sections
applies to sections with a minimum concrete coverd@dmm and transverse and
longitudinal reinforcement in accordance with 6.Z.3-or greater concrete cover and
adequate reinforcement, higher valuesiRd may be used. Unless verified by tests, for
completely encased sections the increased BaitiRd may be used, witBc given by:

C .
B.=1+0.02 cZ<1—ﬂ) <25
CZ
Where:
cz is the nominal value of concrete cover in reeg Figure 6.173a;
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cz,min =40 mm is the minimum concrete cover.

(5) Unless otherwise verified, for partially enaddesections with transverse shear due
to bending about the weak axis due to lateral lspdr end moments, shear connectors
should always be provided. If the resistance tostvarse shear is not be taken as only
the resistance of the structural steel, then thaired transverse reinforcement for the

shear force Vc,Ed according to EC4 6.7.3.2(4) sthdel welded to the web of the steel

section or should pass through the web of the station.

34.22. Beamdesign

Beams will be subjected to bending moments andrstoeees due to the structural
configuration of the building.

The design criteria follows the recommendationblisthed in Eurocode 3.

Bending

The design to make front the different bending catiis done following the rules
collected in EC3 6.2.5.

The most important rules are the following:

“The design value of the bending momeéfyi; at each cross-section shall satisfy:”

M
¢d <1.0

c,Rd

“The design resistance for bending about one palcxis of a cross-section is
determined as follows:

Wi fy
M. rq = Mp;pa = Py for class 1 or 2 cross sections
Mo
Wel min f
Mcpa = M pg = —mr Y for class 3 cross sections
Ymo
We min f
M¢gra = —effminJy for class 4 cross sections
' Ymo

“For bending about both axes, the methods giveeiGB 6.2.9 should be used”

Shear
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Shear design is held according to EC3 6.2.6 andhtbst important considerations are:

“The design value of the shear foil¢g at each cross section shall satisfy”:

vV
4 <1.0

c,Rd

WhereV, 4 is the design shear resistance. For plastic déSign is the design plastic
shear resistandg,; ; and is given by:

Ay (fy/3)

I’pl,Rd -
Ymo

“For verifying the design elastic shear resistaligcg, the following criterion for a
critical point of the cross section may be use@ssthe buckling verification applies”:

Ted

——<1.0
fy/(‘/gyMO)

Vea S

Wherer,q may be obtained from,y = =

WhereV/,, is the design value for the shear force

S is the first moment of area about the centtagdds of that portion of
cross-section between the point at which the sieaequired and the
boundary of the cross-section.

I is second moment of area of the whole cross®ecti

t is the thickness at the examined point

Bending and shear interaction

When these two actions are applied simultaneouséye® susceptible to act like that, it
IS necessary to assess the resistance of thesgosn against this interaction.

Eurocode 3 takes it into account in section 6.Z/& following statements are taken
into account:

(1) Where the shear force is present allowance Idhioe made for its effect on the
moment resistance.
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(2) Where the shear force is less than half thetigl@hear resistance its effect on the
moment resistance may be neglected except wheeg blekling reduces the section
resistance.

(3) Otherwise the reduced moment resistance shmutdken as the design resistance of
the cross-section, calculated using a reduced giedshgth

(1 — p)f, for the shear area

Where,

2
(4) When torsion is present p should be obtainech 5 = (VZV—ed — 1) , see EC36.2.7,

pLRd

but should be taken as 0 fds; < 0.5 V1 ga-

34.23. Wall design

For this alternative, the wall design will be ddokowing exactly the same
recommendations and rules stated for the reinfocoedrete alternative in section
3.4.1.4 of this paper.

34.24. Slabdesign

In this case, slabs are composite members thalesmigned according to Eurocode 4.
The section that describes the behavior of themgsshnd dictates the rules for their
design is EC4 section 9.

Some basic design parameters are showed as falowesding to EC4 9.2.1:

(1) The overall depth of the composite slab h sballnot less than 80 mm. The
thickness of concrete hc above the main flat sertddhe top of the ribs of the sheeting
shall be not less than 40 mm.

(2) If the slab is acting compositely with the beams used as a diaphragm, the total
depth shall be not less than 90 mm and hc shailbbéess than 50 mm.
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(3) Transverse and longitudinal reinforcement shallprovided within the depth hc of
the concrete.

(4) The amount of reinforcement in both directishsuld not be less than 80 fim.

(5) The spacing of the reinforcement bars shoutderoeed 2h and 350 mm, whichever
is the lesser.

As happens with precast concrete elements, conepslsibs with profiled steel sheeting
are sold by many manufacturers using catalogues miédefined thicknesses. These
products must satisfy the standards and that's aragtee for the customer. As a
consequence, the design will result in the electibthe best fitting solution offered by
these manufacturers. The composite slab will bes@haising manufacturers catalogues.

In those catalogues the election methodology isedhasn tables where different
parameters are taken into account, such as:

- Maximum applied vertical load (kN
- Maximum span between supports

- Use of shoring devices

- Overall Thickness of the slab

- Steel sheet depth and thickness

3.4.3.Precast concrete alternative

Precast concrete elements are done by many maméectaround the world. These
manufacturers design their products according ¢ostandards to finally offer the final
product to their customers. The customer assumedtitle product he’s buying fulfils
the requirements and standards to be used safale Shese elements are bought as a
final product “ready to use” the design is not leaone in this case. Anyways, the
following chapter pretends to show the differenfiesuthat manufacturers and users
(builders) have to follow and fulfil.

34.3.1. Column design

Column design will be carried out following the samules stated for the reinforced
concrete alternative in section 3.4.1.2 since ladtigrnatives take into consideration the
same material with slightly different procedures
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3.4.3.2. Beamdesign

As it happens before, in this case the beam cadenis following the exact same rules
and recommendations given in Eurocode 2 as forehd@orced concrete alternative.
These specifications can be found in chapter 34.1.

34.3.3. Wall design

All rules and statement used for the reinforcedcoete are applicable for precast
concrete. This can be found in this paper, in eac3i4.1.4.

In addition, Eurocode 2 dictates special considanaor precast concrete elements. In
this particular case, those considerations for svedin be found on EC2 10.9.2. They
refer to the wall to floor connection and are dkofus:

(1) Restraining moments may be resisted by todomiament placed in the topping or
in plugs in open cores of hollow core units. In tbamer case the horizontal shear in
the connection should be checked according to E€5.6In the latter case the transfer
of force between the in situ concrete plug andhbkow core unit should be verified
according to EC2 6.2.5. The length of the top m@icément should be in accordance
with EC2 9.2.1.3.

(2) Unintended restraining effects at the suppoftsimply supported slabs should be
considered by special reinforcement and/or detailin

34.34. Slabdesign

The special requirements for precast slab elemargstaking into account in EC2
10.9.3.

The main objective of this special rules and/oloremendations is to properly define
the correct way to connect the different slab el@ewith a good connection between
precast elements, one can insure that the slaghisving like a unique rigid body (rigid

diaphragm) capable to resist lateral loads.

The different connection types are representellarfdllowing picture.
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N

a) concreted or grouted b) welded or bolted c) reinforced topping.

connections connections (this shows (vertical reinforcement
one type of welded connectors to topping may
connection as an be required to ensure
example) shear transfer at ULS)

Figure 18: Example of connections for shear tran@&aropean committee for standardization. (2004a)
Figure 10.2)

One of the most important considerations made iroéde about these connections
and lateral loads is given as follows:

“Where precast floors are assumed to act as digptgdo transfer horizontal loads to
bracing units, the following should be considered:

- The diaphragm should form part of a realistic stitel model, taking into
account the deformation compatibility with bracungts.

- The effects of horizontal deformations should besttainto account for all parts
of the structure involved in the transfer of hontad loads.

- The diaphragm should be reinforced for the tenfiees assumed in the
structural model.

- Stress concentrations at openings and connectiomddsbe taken into account
in the detailing of reinforcement.”

3.5. Modelling and design software

Today, computer-aided design is common in all aseas especially in the world of
civil engineering. Being able to carry out complarulations and calculations in a
short time has allowed expedite the planning pludgarojects. On the other hand, it
implies a great saving of money over traditionalthods of design and testing
structures.

These softwares are useful tools to get an ideéheobehavior that will have a structure
in reality when subjected to certain actions. $iahdjusts the design without too many
complications to achieve the expected or desirgpamese.

These modeling programs have, in addition, a databath the various standards used
in the world. By selecting the desired standardgmam makes the necessary
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adjustments for the calculation and design by usheg formulation specified in the
standard.

In the case which we're dealing with, two differsoftwares have been used. First one
is ETABS 2015 (Version 15.1.0). This program allawsdeling the entire building and
analyzing their structural behavior. In additiohpas the design of structural elements
such as beams, columns or load bearing walls.

The only problem with this software is that it doé®offer the possibility of designing
slab floors and decks. ETABS 2015 can only anallgeebehavior of a predefined floor
system in the structure.

To deal with this setback, complementary softwass bheen used. This software is
SAFE 2014 (Version 14.1.0). With this program isgible to design slabs of different
typologies and then export it to ETABS to carry the simulation.

By using these two softwares is possible to entidelscribe the building structure and
simulate its behavior under the different considdoads and actions.
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4. Residential building: Design and analysis

The objective of this section is to evaluate thdfedint possible constructive
alternatives presented for the different considenaterials and choose the one that best
fits the structural requirements.

Once the best structural solution is determinegl dissign and modeling of the structure
will be done using the software ETABS and SAFE.sTwill allow to optimize the
behavior and response of the structure and to rol& optimum solution in terms of
resistance and material usage.

Finally, the amount of material used will be couhte be able, later on, to compare the
alternatives.

Figure 19: Residential building model (ETABS 2015)
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This building is a particular case due to its camdtve configuration. Since the
structural scheme is based on bearing walls themahtised to build these walls should
be, by default, concrete. Concrete has the pepiegierties to resist compressive loads
and to contribute to generate a rigid body. Anywsigyctural steel can play a role with
concrete in the bearing wall configuration, as Wwélseen later.

Figure 20: Residential building model plan (ETABEL3)

4.1. Reinforced concrete alternative

The residential building is based, as told befare,a bearing wall configuration.
Bearing walls are present on the perimeter of thieling and also as bearing partitions
to separate the different apartments. The thicknésbese walls is variable and goes
from 150 mm to 250 mm depending on their location.

A bearing wall is a compression element that catirsly distributes vertical loads in
one direction, which gradually spread to the fouiota Bearing walls propagate
concentrated loads along its length as resultimgnfrvertical shear resistance. In
addition, they provide a great lateral resistamcthe plane of the wall since they act as
a diaphragm.
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Figure 21: Reinforced concrete bearing wall

If a comparison is made between a bearing wallanddjacent column row, different
behaviors can be seen. As told before bearing wdiisibute the load in along their
length whilst column row does not act as a uniséginent. The acting loads generate
an opposite reaction that is acting in the samécatrplane and that doesn’t spread
along the length of the column row. This behavem be seen in the Figure 22.

%
"
o

Figure 22: Bearing wall vs. adjacent column rowdedr

Reinforced concrete is the most used material tlol bnese structural elements due to
its unmatched compressive resistance against gtiavial loads. Rebar steel is set in
such a way that creates a grid on both sides oivitlie This grid is able to face bending
moments, acting perpendicular to the plane of th#, wnd shear stresses acting on the
plane of the wall.
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The next structural element to take into accouthesslab. There are different types of
slabs that can be used with bearing walls. The cmsimon are flat slabs, which can be
solid or lightened.

Flat slabs are used due to their ease of consiruand their good behavior in
transmitting loads to the walls. Since these sklessupported on all four sides, they
work as bidirectional slabs. In addition, the defilen suffered by a bidirectional flat
slab is lower than a unidirectional slab.

To avoid excessive deflection due to large spansgmbedded beam is located under
the middle section of the slab as shown in the pi&ture.

7 7 o 75 7

S
PN

Figure 23: Embedded beam in the slab

Moreover, slabs act as a rigid diaphragm that ctdlall lateral loads and transfer them
to the walls.

Finally, the structural scheme chosen for thisra#iBve is the solid flat slab with
embedded beam shown in Figure 23. This schemeois @ing into account the spans
in the building and the loads that will support.

4.1.1.Materials

For the reinforced concrete alternative the twoemals considered when designing the
building are concrete and rebar steel. The prageefor each material used during
modelling are represented in the following tables

Table 25: Concrete properties for the reinforceaccete alternative

Specific weight Ve 2400 kg/%

Characteristic strength fek 40 N/mnf
Elastic modulus E 30891 N/mm
Poisson coefficient v 0.2
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Table 26: Rebar steel properties for the reinformautrete alternative

Rebar steel ‘
Specific weight Vs 7850 kg/

Characteristic yield stress fyk 500 N/mnf
Elastic modulus E 200000 N/mr
Poisson coefficient v 0.3

4.1.2.Structural modelling

It should be recalled that the software make ussatulation methodologies set out in
the Eurocodes so the analysis and checks meeteeatpnts collected there. The design
and verification methodology for each structuraneént forming the building structure

was commented and specified on chapter 3.4.

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustel#im different elements, assigning
parameters such as geometry, material used andiagrmmeferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joagd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bedirig solution is found.

Once the forces are completely defined is possbleroceed with the final design of
the structural element and the general designeobthiding.

4.1.2.1. Bearing walls

Bearing walls are modeled and designed using ETABSent type "wall". The walls
are defined assigning the material properties, aadn this particular case, and the
thickness of the wall.

Walls belonging to the same vertical plane will eamwith a constant thickness; this is,
thickness will not vary with the building height.

These bearing walls will withstand bending momentshe wall plane that must be
collected by the longitudinal reinforcement. Moregwvalls have to be able to handle
the shear forces applied on the two main directidums to vertical and lateral loads
acting in X and Y-axis.
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The design and verification of the armoring carals® done using ETABS.

4.1.2.2. Slabs

Slabs are modeled using ETABS element type “shél’told before, solid flat slabs
are used on the model. This kind of slabs can kentanto account directly, without
changing their properties, in ETABS. This fact slifigs the modeling process.

To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaa¢bdhavior.

The problem with ETABS is that that the slab deggmmoring and disposal) cannot be
done. To design the slabs, the software SAFE id.ulge designed slab is exported to
ETABS to finish the overall design and verificatson

4.1.3.Modelling results

After having tried several design approaches afférdnt solutions, the solution that
best fits the requirements and is more effectivd efficient against the considered
loads is shown below.

As told in section 3.2.1, different wall thicknessbave been taken into account
depending on the location of that wall. The follogitable shows the armoring results
obtained for each wall depending of their thickesssnd position.

Table 27: Reinforcement disposal for the rear Ipganiall (Reinforced concrete alternative)

Rear bearing wall (t = 250 mm)

: Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/350mm
Storey 2 2.60m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60m ®16¢/300mm ®10c/200mm
Storey 5 2.60m ®16¢/300mm ®10c/200mm
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Table 28: Reinforcement disposal for the lateralrivgy wall (Reinforced concrete alternative)

Lateral bearing walls (t = 250 mm)

: Vertical Horizontal
Floor Floor height : .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/300mm
Storey 2 2.60 m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60 m ®16¢/300mm ®10c/200mm
Storey 5 2.60m ®16¢/300mm ®10c/200mm

Table 29: Reinforcement disposal for the front bpwall (Reinforced concrete alternative)

Front bearing wall (t = 150 mm)

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/400mm ®10c/400mm
Storey 2 2.60 m ®16¢/400mm ®10c/225mm
Storey 3 2.60m ®16¢/400mm ®10c/225mm
Storey 4 2.60m ®16¢/400mm ®10c¢/225mm
Storey 5 2.60m ®16¢/400mm ®10c/225mm

Table 30: Reinforcement disposal for the interieating walls (Reinforced concrete alternative)

Interior bearing walls (t = 200 mm)

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/375mm ®10c/350mm
Storey 2 2.60 m ®16c¢/375mm ®10c/200mm
Storey 3 2.60m ®16¢/375mm ®10c/200mm
Storey 4 2.60 m ®16c¢/375mm ®10c/200mm
Storey 5 2.60 m ®16¢/375mm ®10c/200mm

As an example, the design for the 250 mm bearidgisvehown in the following

picture.
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@16¢/300mm

\GWCQDDmm

Figure 24: Example of design of the rear bearintjy wa

Once the wall design is properly defined it's titoeshow the design for the solid flat
slab. In this case the design is common for allietosince they have the same
properties. The slab has an embedded beam thatl@aslesigned according to the
actions considered.

Table 31: Solid slab with embedded beam properties

Solid slab with embedded beam ‘

Overall depth 250 mm
Slab thickness 100 mm
Stem width 200 mm
Slab top reinforcement ®16¢/200mm
Slab bottom reinforcement ®16¢/200mm
Beam bottom reinforcement 2025
Beam shear reinforcement Stirrups®10c/225mm

Once again, the design is shown in Figure 25.

@16¢/200mm

Stirrups @10¢/200mm /et
\\2@25

Figure 25: Design for the solid slab with embeddedm
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4.1.4.Structural verifications

The aim of this section is to verify that the finafructural design satisfy the
requirements regarding serviceability limit stamsch as maximum deflection and
maximum lateral displacement.

According to Eurocode 2 section 7.4.1 (4):

“The appearance and general utility of the strectaould be impaired when the
calculated sag of a beam, slab or cantilever stdijelo quasi-permanent loads exceeds
span/250. The sag is assessed relative to the gsppwe-camber may be used to
compensate for some or all of the deflection byt @pward deflection incorporated in
the formwork should not generally exceed span/250.”

Then the maximum admissible vertical deflection \ad:

L 7160
6adm = ﬁ = ﬁ = 28.6 mm
In this case, the loads that contribute to theed#ifin are the gravitational loads. These
loads can be summarized in self-weight, dead laadslive loads. To assess the effect
of these loads on the building the following pietsirshow the maximum vertical
displacement due to these loads. These pictureldegned from the software ETABS

2015.

Self-weight:

Figure 26: Deflection due to self-weight in mm (ferced concrete alternative)
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Dead loads:

Figure 27: Deflection due to dead loads in mm (Reged concrete alternative)

Live loads:

Figure 28: Deflection due to live loads in mm (Reioed concrete alternative)

As a result, the maximum deflection obtained wdl b

6 =12.07mm < Sugm = 28.6 mm — Verifies
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On the other hand, it is necessary to check threrdatisplacement due to the lateral
loads, which in this case are wind and seism.

Eurocode 8 collects the limitations for the stodeits in the national annexes. In this
case the limitations are the following:

Overall building admissible drift: d; = 5%

i

Interstorey admissible drift: d; = %

According to the storey distribution the buildingsha total height of 15.95 m and the
interstorey has 2.6 m which means that the linutetiwill be:

dr =31.9mm
d; =10.4mm

The results obtained from the structural analysescallected in the following figure.

Maximum Story Displacement

Story5 4
Staryd ¢
Storyd 4
Story2 ¢

Story! 4

Base T T T T T T T T T 1
000 020 040 060 080 100 120 140 160 180 200
Displacement, mm

Figure 29: Maximum storey displacement for thefaired concrete alternative (ETABS 2015)

The previous graph shows that the maximum lateréil i@ less than 2 mm which
means that the design is very far from the limihisTfact makes evident that the
building is very rigid against lateral loads tham&ghe bearing wall configuration.
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Finally, it can be ensured that the final designifies the requirements for the
serviceability limit states.

4.2. Structural steel alternative

Taking into consideration the adopted structurélesee, it can be seen that structural
steel plays a minority role in the general strumfusystem. Despite of this fact,
structural steel can be present in different ways concrete-dominated solution.

Since the bearing wall configuration is compresssgstem, concrete performs in a
better way than steel does. Anyway, steel bearialiswdo exist and are used mostly in
low rise buildings.

The layout of these steel walls is similar to th@oden bearing walls. Steel frames and
ribs are used to form the skeleton of the wall #meh covered with other materials
(wood, gypsum plates, etc.) to create a flat serfac

The steel frame in where the slabs are supportéectothe loads and transfers it to the
steel ribs in the wall following a compressive soee To deal with lateral loads, the
lateral rigidity of the wall has to be sufficiefo ensure this, stiffeners have to be
placed in the walls.

Figure 30: Steel bearing wall system

The main drawback of this structural configuratisthe amount of material needed to
create the walls and the disposal of special elésnsich as unions or stiffeners to
achieve the proper behavior. Another inconvenisrthe complex design of the wall.
For large buildings the design process could beptexnand tedious.
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For the reasons mentioned above, structural sty walls are ruled out of this
alternative design. Then, reinforced concrete bganvalls will be used in this
alternative due to their good and avowed behavior.

The next element to be defined is the slab. Sihee dlternative considers structural
steel and in the walls it is not present, it habegoresent in the slab design. Then, the
solution for the slabs that combines steel and ied@@nd that performs the best is the
composite slab.

Composite slabs comprise reinforced concrete castop of profiled steel decking,
which acts as formwork during construction and exk reinforcement at the final
stage. The decking may be either re-entrant oemaigal, as shown below.

Re-entrant decking Trapezoidal decking

Figure 31: Re-entrant and trapezoidal decking syste

A composite slab combines the tensile strengthesf svith the compressive strength of
concrete to improve design efficiency and reducae riraterial necessary to cover a
given area. Additionally, composite steel deckspsaufed by composite steel joists can
span greater distances between supporting elenards have reduced live load
deflection in comparison to other construction md# These joists will be design
using IPE profiles. The joists will help to achiewveigid behavior of the structure.

In this type of decks the interaction between cetecand steel is vital to achieve the
correct performance of the system. The longitudstedar acts on the interface of the
two materials and the transmission has to be plypgene. To ensure that it's necessary
to create some notches on the profiled steel tavalhe concrete to come in and create
more resistance against longitudinal shear. If tiegsure is not enough there’s another
operation that can be done. This operation congmstsonnectors welded along the
profiled steel that increases the shear resistares configuration of the system can be
seen in the following picture.

84



Master Thesis 2016 Fernando Sattler Cantons

Figure 32: Connectors disposal in the profiledIstee

As mentioned before, the profiled steel acts asfassement and therefore there is no
need of additional rebar reinforcement. Howeves itecessary to dispose a rebar mesh
on the upper part of the concrete slab to avoidking and to improve the response
against fire. This is one of the benefits of thesenposite slabs. It's really easy to
achieve fire resistances of 60 or 90 minutes.

Finally, basing the election of the deck typology the shear resistance and general
behavior, it is better to use the trapezoidal deglaystem due to its higher moment of
inertia and greater amount of notches with respettie re-entrant decking.

4.2.1.Materials

For the structural steel alternative the three madteconsidered when designing the
building are concrete and profiled steel and rebeel. The properties for each material
used during modelling are represented in the faoligwables.

Table 32: Concrete properties for the structuietistlternative

Concrete

Specific weight Ye 2400 kg/nd
Characteristic strength fex 40 N/mnt
Elastic modulus E 30891 N/mm
Poisson coefficient v 0.2
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Table 33: Profiled steel properties for the strrmitsteel alternative

Profiled steel ‘
Specific weight Vs 7850 kg/

Characteristic yield stress fsk 355 N/mnd
Elastic modulus E 210000 N/mm
Poisson coefficient v 0.3

Table 34: Rebar steel properties for the structstes alternative

Rebar steel ‘
Specific weight Ys 7850 kg/

Characteristic yield stress fyk 500 N/mnf
Elastic modulus E 200000 N/mm
Poisson coefficient v 0.3

4.2.2.Structural modelling

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustal#im different elements, assigning
parameters such as geometry, material used andiagmureferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joacd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bediri solution is found.

Once the forces are completely defined is possbleroceed with the final design of
the structural element and the general designeobthiding.

4.2.2.1. Bearing walls

As for the reinforced concrete alternative, beammadjs are modeled and designed using
ETABS element type "wall". The walls are definedigsing the material properties,
concrete in this particular case, and the thickioésise wall.

Walls belonging to the same vertical plane will eamwith a constant thickness; this is,
thickness will not vary with the building height.
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These bearing walls will withstand bending momeantshe wall plane that must be
collected by the longitudinal reinforcement. Moregwvalls have to be able to handle
the shear forces applied on the two main directidums to vertical and lateral loads
acting in X and Y-axis.

The design and verification of the armoring carals® done using ETABS.

42.2.2. Slabs

Slabs are modeled using ETABS element type “shaK’told before, composite slabs

are used on the model. ETABS is not able to dedigjos and for that reason the design
will be held using specific software called SAFEheTdesign of the composite slab is
done in SAFE and then, once the preliminary desigaady, verified using ETABS.

To take into account the composite slab in ETABS necessary to create a flat slab
with the same moment of inertia. To take into actdhe real weight of the waffle slab,

the weight of the flat slab material will be moddi By doing this, the software is able
to compute the structural response as if the l¢dit were a composite slab.

To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaa¢bdhavior.

4.2.3.Modelling results

The design for the structural steel alternative leen achieved after some simulations
and analysis using different element propertiesgéd the more adjusted design
according to the actions.

In this case, and as mentioned before, the beavally are designed with reinforced
concrete to achieve the correct compressive resisteéSince the walls dimensions and
thicknesses are the same in all the cases, thgndessihe same as for the reinforced
concrete alternative. Then, the resulting desigsifllows:
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Table 35: Reinforcement disposal for the rear Inganiall (Structural steel alternative)

Rear bearing wall (t = 250 mm)

: Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/350mm
Storey 2 2.60 m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60 m ®16¢/300mm ®10c/200mm
Storey 5 2.60m ®16¢/300mm ®10c/200mm

Table 36: Reinforcement disposal for the lateralrivey walls (Structural steel alternative)

Lateral bearing walls (t = 250 mm)

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/300mm
Storey 2 2.60m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60m ®16¢/300mm ®10c/200mm
Storey 5 2.60m ®16¢/300mm ®10c/200mm

Table 37: Reinforcement disposal for the front pwall (Structural steel alternative)

Front bearing wall (t = 150 mm)

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/400mm ®10c/400mm
Storey 2 2.60 m ®16¢/400mm ®10c/225mm
Storey 3 2.60m ®16¢/400mm ®10c/225mm
Storey 4 2.60 m ®16¢/400mm ®10c/225mm
Storey 5 2.60m ®16¢/400mm ®10c/225mm

Table 38: Reinforcement disposal for the interieating walls (Structural steel alternative)

Interior bearing walls (t = 200 mm)

: Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/375mm ®10c/350mm
Storey 2 2.60 m ®16¢/375mm ®10c/200mm
Storey 3 2.60m ®16¢/375mm ®10c/200mm
Storey 4 2.60m ®16¢/375mm ®10c/200mm
Storey 5 2.60m ®16¢/375mm ®10c/200mm
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In the other hand, and in order to provide the eszirsolution for the composite slab,
some manufacturer catalogues have been consulted.

The different actions (gravitational and laterahds), spans and constructing process
have been taken into consideration to select tiefsbm the catalogues.

The maximum span to cover in this case is 7.16 tshould be remembered that joists
will be disposed to reduce that span. In the de&igmermediate IPE 240 joists have
been taken into consideration. By doing this, theximum span is reduced to 2.40 m
which is a more reasonable value.

Knowing the loads applied and the previous inforamgtthe design for the composite
slab has the following properties:

oo
e oL [ AR e
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Figure 33: Composite slab geometry

Table 39: Composite slab properties

Composite slab |

Overall depth 120 mm

Steel sheet nominal thickness 0.75 mm
Maximum span allowed 252 m
Maximum load allowed 10 kN/nt
Concrete consumption 85 L/nt
Distance d-Vi 8.67 cm

X distance 3.90 cm

Moment of inertia (1) 421 cnf/m

4.2 .4, Structural verifications

As happened for the previous alternative, it iseseary to verify that the adopted
design fulfils the requirements specified in Eurde®.
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First of all, the maximum deflection should be fied. The admissible deflection
depends on the span and in this case, since thare@mmposite slab, there are two
intermediate profiled beams (IPE-240) that redlieenbaximum span to 2.4 m.

Then the maximum admissible vertical deflection l:

L 2400

Sadm=ﬁ—ﬁ=9.6mm

The loads that contribute to the deflection aregitavitational loads. These loads can be
summarized in self-weight, dead loads and live $od@ assess the effect of these loads
on the building the following pictures obtainedrfr&aETABS 2015 show the maximum
vertical displacement due to these loads.

Self-weight:

Figure 34: Deflection due to self-weight in mm (8tural steel alternative)
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Dead loads:

-2.80

Figure 35: Deflection due to dead loads in mm (@tnal steel alternative)

Live loads:

’n n\ ,il\ . ’I!\
‘\Iiﬂ ii" ‘\il" \III

.00

Figure 36: Deflection due to live loads in mm ($8twral steel alternative)

Then, the resulting deflection taking into accotim@ three types of gravitational loads
is:

6 =8.6mm < 6,4, = 9.6 mm - Verifies
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In addition, it is necessary to check the lateiapldcement due to the lateral loads,
which in this case are wind and seism.

Eurocode 8 collects the limitations for the stodeits in the national annexes. In this
case the limitations are the following:

Overall building admissible drift: d; = 5%

i

Interstorey admissible drift: d; = %

According to the storey distribution the buildingsha total height of 15.95 m and the
interstorey has 2.6 m which means that the linutetiwill be:

dr =31.9mm
d; =10.4mm

The results obtained from the structural analysescallected in the following figure.

Maximum Story Displacement

Slory5 - 1 »

Staryd - )

Storyd - 1

Story2 - -»

Story! - b

Base T T T T T T T T 1
0.20 0.00 0.20 040 060 0.80 1.00 1.20 1.40 160 1.80

Displacement, mm

Figure 37: Maximum storey displacement for theddtrtal steel alternative (ETABS 2015)
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Again, the high rigidity of the construction gerntesaa high resistance against lateral
loads and therefore, small displacements. In thsedhe maximum displacement is
1.43 mm which is far away from the limit.

Finally, it can be ensured that the design satigfie standards.

4.3. Precast concrete alternative

The last alternative for the residential buildirakds into consideration the precast
concrete solution. Construction with precast corechas become very popular in recent
years and nowadays more and more buildings ardrootesd using this technique.

As a reminder and to take it into considerationecpst concrete elements are
manufactured in a plant under strict control meastio ensure the best possible quality
of the resulting piece. Once the different elersemute ready to be used, they are
transported to the building lot and then put togetb create the structure.

Figure 38: Interior of a general prefabricationrpla

The manufacture of precast concrete elements is Bgnmany companies around the
world. These companies have a catalogue in whiehddsigner can choose different
elements with different sizes in order to satisfg heeds. These catalogues are pretty
similar between different manufacturers with fefetences in their offering products.
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Due to this fact, the structural elements chosemhi® structural design will be extracted
from these catalogues according to the propostleoflifferent manufacturers.

The first elements to define are the walls. A suppg element as are the load-bearing
walls can also be prefabricated and in fact is werymon to find this type of elements
in already built structures.

Mainly, there are two types of prefabricated wallfie first consists of reinforced
concrete walls that already have the necessaryimggerfor doors and windows
depending on the requirements set by the projeotsd@ wall panels have anchoring
elements and connecting parts arranged in differemies. With these devices the
different wall portions can be mounted and attadicefbrm a bearing wall that works
as a normal cast concrete wall.

Figure 39: Precast concrete wall panels for bugdipplications

These panels come with electro-welded wire mesitoordance with the specific needs
and actions to which they will be subjected. Aduially, it has reinforcement in
specific areas as needed, mainly near the openings.

Another advantage offered by these panels is tissilpity of including thermal and
acoustic insulation inside. The manufacturer cawviple the necessary insulation layers
if requested to do so.
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Figure 40: Prefabricated wall panel with insulation

The second type of wall consists in hollow-coragsdgplaced in such a way that creates
a bearing wall. A hollow-core plate was originalhtended for slab use, but now is
possible to use them as enclosure or even as &bkmthg element.

Horizontal
hollow-core
slab
enclosure

Grooved column

Folded sheet metal
preframes.

Figure 41: Hollow-core panels forming a wall
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To use them as walls is necessary to change tawral profiles and convert the
previous anchoring system (shear key) into a bakpam system. The reinforcements of
this type of slab are symmetrical so as to avofdrdeations in the wall.

The openings can be created by cutting the plaiigstire desired measure and placing
them in the desired location. These plates can dsitipned vertical or horizontal
depending on the purpose of the construction.

This type is widespread in the construction of stdal buildings for its speed and
simplicity of construction. At the same time, thigthod is little used in the edification
field due to the existence of several limiting tast

The first limiting factor is the need of additioralpporting elements such as columns.
These hollow-core panels have anchoring elemeritedp them attached to each other
but sometimes they don’t have anchors to withstatetal displacements. To avoid the
plate to have lateral displacement is necessdngye retaining columns.

In residential buildings sometimes there is no spasough to build these auxiliary

elements or they suppose an extra cost which seisuét non-competitive alternative.

i

Figure 42: Steel columns to support the hollow-queges

Another drawback of the hollow-core plates is théfiadilty of having internal
insulation materials. Since the shape of this ptomplex, it is difficult to display the
insulation materials inside the plate to achiewemect performance.

Once the different types of walls are defineds iime to define the slabs for this
alternative.

The most common solution to create slabs usingagtemncrete is to use hollow-core
plates. These slabs have good resistance propartkeare lightweight. Moreover, they
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are well known due to their versatility. They caa manufactured with different
thicknesses, lengths and sections according tegeeific needs of the project.

Figure 43: Hollow-core slabs

Hollow-core slabs can be reinforced using passivactive reinforcement according to
the needs in every case. Once the slabs are pladednecessary to add a concrete
compression layer to unify the surface and crdsdihal slab.

Their lateral shape creates an empty zone betsiads that is used to connect each
other using cast concrete.
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Figure 44: Connection between hollow-core slabs
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4

The selection of the hollow-core slab between thdferent shapes and thicknesses is
made according to graphs or tables supplied bynidweufacturer. This graphs and tables
take into account parameters such as slab lendticifws also de span length), the
maximum load allowed and the amount of reinforceméigure 45 illustrates an
example of one of these manufacturer’s graphs.
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Figure 45: Design properties graph for hollow-cslabs

Previously it was commented that the hollow -cdabs are little used in construction
of vertical elements. However, regarding slabss ibne of the most used elements in

edification.

Finally, the solution that better fits the requikamts for this alternative is the one
composed by precast reinforced walls and hollove-gates to form the different floor
slabs. This solution guarantees a good behavianstgeertical and lateral loads and, in
addition, helps to reduce the overall weight andema usage of the structure.

4.3.1.Materials

For the precast concrete alternative the two natedonsidered when designing the
building are concrete (precast amdsitu) and rebar steel. The properties for each
material used during modelling are representetierfallowing tables.

Table 40: Concrete properties for the precast @iealternative

Specific weight Ye 2400 kg/m
Characteristic strength fek 50 N/mnt
Elastic modulus E 32902 N/mm
Poisson coefficient v 0.2
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Table 41: rebar steel properties for the precastiete alternative

Rebar steel ‘

Specific weight Vs 7850 kg/m
Characteristic yield stress fyk 500 N/mni
Elastic modulus E 200000 N/mm
Poisson coefficient v 0.3

4.3.2.Structural modelling

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustel#im different elements, assigning
parameters such as geometry, material used andiagrmmeferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joagd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bedtirig solution is found.

Once the forces are completely defined is possileroceed with the final design of
the structural element and the general designeobthiding.

4.3.2.1. Bearing walls

As seen for the two previous alternatives, beanatis are modeled and designed using
ETABS element type "wall". The walls are definesigsing the material properties,
concrete in this particular case, and the thickioésise wall.

Walls belonging to the same vertical plane will eamwith a constant thickness; this is,
thickness will not vary with the building height.

These bearing walls will withstand bending momeantshe wall plane that must be
collected by the longitudinal reinforcement. Moregwvalls have to be able to handle
the shear forces applied on the two main directidums to vertical and lateral loads
acting in X and Y-axis.

The modeling will be done following the specificats given by the manufacturer if
applicable.
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4.3.2.2. Slabs

Slabs are modeled using ETABS element type “shali’told before, hollow-core slabs
are used on the model. ETABS is not able to dedigjms and for that reason the design
will be held using specific software called SAFHeTdesign of the hollow-core slab is
done in SAFE and then, once the preliminary desigaady, verified using ETABS.

To take into account the hollow-core slab in ETABS necessary to create a flat slab
with the same moment of inertia. To take into actdbe real weight of the hollow-
core slab, the weight of the flat slab materiall voé modified. By doing this, the
software is able to compute the structural respasséthe flat slab were a hollow-core
slab.

To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaa¢bdhavior.

4.3.3.Modelling results

Regarding the wall design, it should satisfy astdhe conditions and design adopted
for the reinforced concrete alternative. Sincedhame few manufacturers that elaborate
this kind of walls, is difficult to find a cataloguwith all the specifications needed. For
that reason the following design is proposed:

Table 42: Reinforcement disposal for the rear Inganiall (Precast concrete alternative)

Rear bearing wall (t = 250 mm) |

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/350mm
Storey 2 2.60m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60m ®16¢/300mm ®10c/200mm
Storey 5 2.60 m ®16¢/300mm ®10c/200mm
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Table 43: Reinforcement disposal for the lateralrivgy walls (Precast concrete alternative)

Lateral bearing walls (t = 250 mm) ‘

: Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/300mm ®10c/300mm
Storey 2 2.60 m ®16¢/300mm ®10c/200mm
Storey 3 2.60m ®16¢/300mm ®10c/200mm
Storey 4 2.60 m ®16¢/300mm ®10c/200mm
Storey 5 2.60m ®16¢/300mm ®10c/200mm

Table 44: Reinforcement disposal for the front rgpwall (Precast concrete alternative)

Front bearing wall (t = 150 mm)

: Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/400mm ®10c/400mm
Storey 2 2.60 m ®16¢/400mm ®10c/225mm
Storey 3 2.60m ®16¢/400mm ®10c/225mm
Storey 4 2.60 m ®16¢/400mm ®10c/225mm
Storey 5 2.60m ®16¢/400mm ®10c/225mm

Table 45: Reinforcement disposal for the interieating walls (Precast concrete alternative)

Interior bearing walls (t = 200 mm)

. Vertical Horizontal
Floor Floor height . .

reinforcement reinforcement
Storey 1 455 m ®16¢/375mm ®10c/350mm
Storey 2 2.60 m ®16¢/375mm ®10c/200mm
Storey 3 2.60m ®16¢/375mm ®10c/200mm
Storey 4 2.60 m ®16c¢/375mm ®10c/200mm
Storey 5 2.60m ®16¢/375mm ®10c/200mm

The following element to be treated is the slabe ®lb has been designed using
hollow-core plates placed side by side. On thea&p)] a 5 cm concrete compression
layer has been disposed to connect the differet¢pland to create a uniform surface.

In this case, the maximum span is 6.5 m since ldtepwill be supported by the walls
with major thickness and compression capability.

As happened with the composite slab for the stratsteel alternative, these elements
were chosen using a catalogue and taking into atdbe maximum load applied and
the span to be saved. Then, the final result i$ath@wing:
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Figure 46: Hollow-core plate geometry (t = 200 mm)

Table 46: Hollow-core slab properties

Hollow — core slab

Overall depth 250 mm
Hollow — core plate thickness 200 mm
Concrete compression layer 50 mm
N° of cores 6
Area of section 0.12 nf
Nominal width of the plate 1.20m
Prestressing steel yielding stress 1860 N/mmi
Amount of prestressing steel 7¢12.5 mm
Maximum load allowed 11 kN/nt
Maximum span allowed 7.5m

The following graph is the graph used to definefthal design and parameters of the

hollow-core elements.
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Figure 47: Load —Span selection graph (Precat S.L.)

4 .3.4.Structural verifications

The two main verifications done according to thaamal annex of the Eurocode 8 will
be the maximum deflection and the maximum stordy alfowed.

The same procedure as for the previous alternatiebe held.
In first place, the maximum deflection allowed igem by:

L
Saam = ﬁ

In this case the slab is formed by hollow-coregdatupported by the bearing walls with
major thickness (250 mm and 200 mm). That meansthese elements are placed

parallel to the X-direction creating a maximum sp&8.5 m. The maximum deflection
in this case will be:

_ 6500

(Sadm = ﬁ =26 mm

In the case of the hollow-core slab, the manufactprovides a graph in where the
deflection due to the self-weight is evaluated. T;Her self-weight deflection analysis
only the concrete compression layer will be tak#n consideration.
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Figure 48: Deformation curves for the 200 mm holoave plate (Precat S.L.)

Then, the deflection results given by the softwAT@ABS 2015 for the concrete layer
self-weight, dead loads and live loads are thevalg:

Compression layer self-weight:

E-3

-300

Figure 49: Deflection due to compression layer-aafght in mm (Precast concrete alternative)

Dead loads:
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Figure 50: Deflection due to dead loads in mm (Bseconcrete alternative)

Live loads:

Figure 51: Deflection due to live loads in mm (Rr&tcconcrete alternative)

The final deflection will be sum of the previoudldetions taking into account that the
deflection for the hollow-core plate self-weighda®l5 m span is around 13 mm.
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Then, the total deflection will be:

6 = 15.65mm < Sy 4y = 26mm — Verifies

The second verification is the storey drift. Foe tteinforced concrete and structural
steel alternatives the lateral displacement duwit@l and seismic loads were really
small due to the high rigidity that the buildingepents. For this alternative the same
behavior is expected, with small displacements.

The resulting drift diagram is the following:

Maximum Story Displacement

Storys e

Storyd ¢

Storyd ¢

Story2 ¢

Story1 e

Base T T T T T T T T T 1
000 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00 2.25 2.50

Displacement, mm

Figure 52: Maximum storey displacement for the pstconcrete alternative (ETABS 2015)

In this case, the maximum storey drift is 2.1 mmickhis similar to the previous
alternatives, as told before. Again, the conditisrverified since the maximum drift
allowed is:

dr =31.9mm

Finally, for the precast concrete alternative, thesign is verified following the
requirements of the standards.
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5. Office building: Design and analysis

In the case of the office building it will proceedthe same way as for the residential
building. As mentioned in the previous chaptesitmportant to find the best structural
solution to obtain an optimal design.

The analysis will be held using ETABS and SAFE wafe by creating a model of the
building, assigning materials, cross-section progerand geometry of each structural
element.

Finally, the necessary material used in each swluwill be counted to compare the
different alternatives.

Figure 53: Office building model (ETABS 2015)
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Figure 54: Office building model plan (ETABS 2015)

5.1. Reinforced concrete alternative

As mentioned in chapter 3.2.2, the solution adopoechis building is based on stiff
frames. This structural typology allows bigger opspaces than other structural
solutions and is the most used solution in thiglkahbuildings.

Stiff frames are a good solution due to its sofidihd durability. A frame system it is
one whose main structural elements consist of beardscolumns connected by knots
or joints forming resistant porticos in two maimeditions X-Y.

It is a statically indeterminate structure and leetiee performance and efficiency of a
rigid frame depends on the relative stiffness arbg and columns. For the system to
work properly must ensure the proper functioningdts, which must be sufficiently
rigid and capable of transmitting bending moments.

The fact that the armoring and concreting is cdraet in-situ is an additional guarantee
that the connections between beams and columrtaaied out correctly.
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Figure 55: Frame system scheme

On the other hand, are structures capable of dissglarge amounts of energy due to
the high ductility of the elements and the systepehnstaticity. Moreover, for low rise
structures the behavior against lateral loads mdgbanks to the structure flexibility
and lateral rigidity as well. As height increasé® dimension of the structural elements
also increases to support the extra load and miaitita correct behavior.

Another structural element to consider is the flegstem. There are a variety of types
of slabs according to whether transmit loads in @n&vo directions. According to the
transmission of loads there are unidirectionalidiréctional slabs.

Since the frame system is bidirectional and thesictamed lateral loads can act in either
X or Y direction is logical to consider a bidiremtial slab system in this alternative.

The most common bidirectional slabs are flats slaibls embedded beams and waffle
slabs, which are ribbed slabs in both directions.

Flat slabs have been used in a lot of structureshfgir constructive simplicity and its
effectiveness in structure where the span betwappasts is relatively small (less than
5 meters). However, the great problem presentedsishigh weight and greater
deformability compared to other solutions. For éaspans is an unwise and unpractical
solution.
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Figure 56: 2-way flat slab with embedded beams

On the other hand, the waffle slabs are ribbedsslabboth directions whose main
characteristic is to maintain a high rigidity anchigh lever arm getting reduce the
overall weight of the slab due to the lightenindelscevenly distributed. By reducing the
weight of the slab the load on the frame systemse reduced allowing better design
optimization.

Furthermore, the behavior against lateral loadsifse and wind loads) is better in
waffle slabs than in flat slabs which means a betterall response of the structure.

Figure 57: Waffle slab configuration
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For the reasons mentioned above, it was considemed appropriate to use the waffle
slabs type for this alternative.

5.1.1.Materials

For the reinforced concrete alternative the twoamalls considered when designing the
building are concrete and rebar steel. The praggerfior each material used during
modelling are represented in the following tables.

Table 47: Concrete properties for the reinforceaccete alternative

Specific weight Ye 2400 kg/m
Characteristic strength fek 40 N/mnf
Elastic modulus E 30891 N/mm
Poisson coefficient v 0.2

Table 48: Rebar steel properties for the reinformautrete alternative

Rebar steel

Specific weight Vs 7850 kg/mi
Characteristic yield stress fyk 500 N/mnf
Elastic modulus E 200000 N/mrh
Poisson coefficient v 0.3

5.1.2.Structural modelling

It should be recalled that the software make useatwulation methodologies set out in
the Eurocodes so the analysis and checks meeteatpnts collected there. The design
and verification methodology for each structuraneént forming the building structure
was commented and specified on chapter 3.4.

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustal#im different elements, assigning
parameters such as geometry, material used andiagmureferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joadd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bediri solution is found.

Once the forces are completely defined is possleroceed with the final design of
the structural element and the general designeobthiding.
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5.1.2.1. Columns

The columns are modeled and designed using ETABRezit type "column”. Square
columns are considered in the design; Column diroaaswill not vary depending on
its position or floor, so all columns will have tekame section.

According to the bidirectional configuration coresidd, these columns will withstand
bending moments in the two main directions and higmpression on their Z-axis

acting simultaneously to consider the worst loadiage scenario . Moreover, columns
have to be able to handle the shear forces apphethe two main directions due to
lateral loads acting in X and Y-axis

5.1.2.2. Beams

Beams are modeled and design using ETABS elemegmt tBeam”. Square and
rectangular beams are taken into account duringetiiog to look for the better and
best fitting solution. Beams will be subjectedlte principal bending moment acting in
their longitudinal plane and shear forces actiregpminantly in their extremes.

These stresses will determine the necessary rebaath beam on different floors.

On the other hand it's necessary to ensure thecamteraction beam-column to satisfy
the proper performance of the frame system. Torenguhe model has to fulfil the
strong column-weak beam principle. This can be khe®E&TABS through the beam-
column capacity ratio obtained after the analysis.

5.1.2.3. Slabs

Slabs are modeled using ETABS element type “shal’told before, waffle slabs are
used on the model. ETABS is not able to designsséatal for that reason the design will
be held using specific software called SAFE. Thsigte of the waffle slab is done in
SAFE and then, once the preliminary design is reaeelyfied using ETABS.

To take into account the waffle slab in ETABS itscessary to create a flat slab with
the same moment of inertia. To take into accoumtréal weight of the waffle slab, the
weight of the flat slab material will be modifieBy doing this, the software is able to
compute the structural response as if the flat slate a waffle slab.
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To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaa¢bémavior.

5.1.3.Modelling results

In the case of the office building there are mdesments interacting with each other
and therefore, the modelling process is a litttentiore complex than for the residential
building.

After running some structural analysis trying diéfiet options and configurations, the
final design is as shown below.

The first elements to be commented are the coludm#his case columns have the
same geometry in all cases, with independencyaf tbcation. Despite this, there are
two different types of column where the main difiece lies in the reinforcement
amount.

Columns located in the building corners need ma@afercement than the other
columns due to their direct interaction with thieetal loads in both directions.

Then, the design for both types of columns is ctdlé in the following tables.

Table 49: Column design and properties

T

Column . : Longitudinal Shear
Dimensions . .
type reinforcement reinforcement
Corner Stirrup
350x350 mm 25
columns % ¢10c/200 mm

Rest of the Stirrup
350x350 mm 4¢ 20
columns X v ¢10c/200 mm

The geometry and reinforcement distribution of dmdumns is shown in the picture
below. That design corresponds to the most colunvhgre the main difference with
the corner columns lies in the longitudinal reicfEment bar diameters.
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Figure 58: Final column design (corner columns)

The next elements to be defined are beams. Thedamgn for the beams takes into
consideration the story in where the beams aretddcsince the loads vary with the
height. Then, the beam design according to thesitipas is collected in the next table.

Table 50: Beams design and properties

Longitudinal Longitudinal
" . . . . Shear
Position Dimensions reinforcement reinforcement .
reinforcement
(Top) (Bottom)
Stirrups
Storey 1 350 x 350 mm @25 220 ©10c/300mm
Stirrups
Storey 2 350 x 350 mm 2025 2020
y X ¢ ¢ ¢10¢/300mm
Stirrups
Storey 3 350 x 350 mm ¢20 2p20 10¢/300mm
Stirrups
St 4 350 x 350 2020 2020
- X =SS0 mm ¢ ¢ ¢10¢/300mm
Stirrups
t 5 350 x 350 0 20
Storey X eshmm 2 2 ¢10¢/300mm

As an example, and to show the distribution andnrgeoy of beams the following
figure shows the beams corresponding to the tvab $toreys. The only difference with
the beams in other storeys is the top longitudie@forcement.
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Figure 59: Final beam design

The last element designed is the slab. As toldrbefiis is a waffle slab with ribs in
both directions. These ribs have to be reinforcéd armoring on top and bottom parts.
In addition, distribution reinforcement has to daced in both directions in the upper

part of the compression layer to avoid cracking nomeena and to withstand the
negative bending moments.

The design for the waffle slab can be applied fothe storeys and is the following:

Table 51: Waffle slab design and properties

Waffle slab \

Overall depth 250 mm

Compression layer thickness 50 mm

Ribs depth 200 mm

Ribs width 100 mm
Rib longitudinal reinforcement (Top) 2016
Rib longitudinal reinforcement (Bottom) 2016

Distribution relnfgrcement (Both 16¢/200 mm
directions)
Ribs shear reinforcement Stirrupse8c/300mm

Finally, the design is shown in Figure 60.
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Figure 60: Waffle slab design

5.1.4.Structural verifications

For this building, the same verifications will ben# as for the residential building.
These verifications are the maximum deflection doiegravitational loads and the
maximum story drift due to lateral actions.

The same criteria established in Eurocode 8 aréicapte in this case and, therefore,
the following requirement should be satisfied:

L
Saam = ﬁ

This building has spans of 5 and 6 meters. The mmaxi span allowed will be
determined by the most restrictive span whichrs.5

_ 5000

adm—m=20mm

To determine the deflection in the building, thads taken into consideration are self-
weight, dead loads and live loads. The resultsiobtausing ETABS 2015 are as
follows and the maximum deflections are locatedh@ncorners of the slab.

Self-weight:
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-0.50.

Figure 61:Deflection due to self-weight in mm (Reinforced cmate alternative)

Dead loads:

-0.50
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Figure 62: Deflection due to dead loads in mm (Reged concrete alternative)
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Live loads:
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Figure 63: Deflection due to live loads in mm (Reioed concrete alternative)

Observing the results, it is evident the behaviothe waffle slab. The light weight of
the slab with the high moment of inertia of the ss@ection guarantees small
deflections in the building.

In this analysis the maximum deflection achievedrsund 3 mm which is really far
from the 20 mm limit.

The second verification consists in determiningrifeximum drift in the building. The
limits for the maximum drift and the interstoreyftlare:

h

Overall building admissible drift: dr =

Interstorey admissible drift: d; = %

According to the storey distribution the buildingsha total height of 15 m and the
interstorey has 3 m which means that the limitationil be:

dr =30mm
d; =12mm

The results obtained are presented in the follovionge:
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Maximum Story Displacement
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Figure 64: Maximum storey displacement for thefaired concrete alternative (ETABS 2015)

For this alternative, the maximum drift is 25.80 mwhich is below the limit and
therefore admissible. For the interstorey verifmat in any case the drift between
storeys exceeds 6-7 mm which is also below the d2limit.

The design satisfies both conditions and thenntleaconsidered correct.

5.2. Structural steel alternative

Continuing with the structural steel alternative,s also possible to create a frame

system with this material. To get completely rifidmes are necessary to ensure that
the joints between the different elements (beandscatumns) are suitable to consider it

rigid.

Unions are one of the most important parts of alsg&ucture due to their important
role in defining the structure behavior in fronttbgé actions. During modelling unions
will be considered as rigid joints to be able teate the frame system but they will not
be specifically designed. Steel unions design ibthe scope of this thesis.
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As mentioned before, the frame system is formedhHhsy interaction of beams and
columns and there are different solutions thatansed for steel construction.

Starting with columns, there are different typoksgyand some of these typologies are
composite concrete-steel solutions.

The first strategy consists in using a molded gpeelile to act as a column. The most
column-used profiles belong to the HEM, HEA or HE&ies due to their geometry.
These profiles can achieve bigger compressivetaggies and better buckling response
with respect other type of profiles thanks to tregjuilibrated moment of inertia in both
directions.

The HEB is the base model of the HE series. HERAlighter version of the HEB whilst
HEM is heavier than HEB. All three series are cominaised but HEM is the most
used profile to behave as a column because thgdtaare reinforced.

| ¥
|
7777 77
‘»ﬁf/

i
i
P ;F A

Figure 65: HEM profile

On the other hand, the concrete-steel compositeunumd follow different
configurations. The first one consists in a HEeseprofile totally or partially embedded
in concrete. Concrete adds compressive resistante tset and protect the steel profile
from fire and external attacks (water and oxidgtion

Figure 66: Totally and partially embedded composéetions
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The second strategy consists in tubular steel lpeo{square or circular profiles) filled
with concrete. The steel profile acts as formwarll aonfines the concrete to gain even
more compressive strength with respect a normatretaé column. This configuration is
also beneficial to protect concrete from extermcks and fire.

This kind of sections can be reinforced with restael or not depending on the needs.

Figure 67: Tubular composite profiles

Considering the use to which the columns are stdgjeand that can receive loads in
any of the main directions is not considered appatp to use profiles from the HE
series. One of the axes has a significantly lowement of inertia than the other axis
and this fact can suppose a weakness in the owenéding behavior.

On the other hand, composite columns are the Ieste due to their regular geometry
in both directions and major resistance. For coieitn simplicity and better general
performance it is considered a better choice totuiselar composite profiles instead of
embedded profiles. Embedded profiles require forree@and a bigger amount of steel,
which is more expensive than concrete. For thasamacomposite square tubular
columns will be considered during the design phase.

Regarding beams, the most common and extendedosoldnsists in steel profiles of
the IPE or IPN series. These profiles are capablesist large bending moments and
shear forces. In building construction IPE profitge more used than IPN profiles due
to their higher moment of inertia.
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Figure 68: IPE profile

On the other hand, IPE profiles are a lightweighititson compared with a traditional
reinforced concrete beam. This fact allows the gfesi to create a lightweight
construction; and if the structure weight is lowdre cross-section of the structural
elements such as columns can be reduced. Thigffglit directly the final cost of the
structure.

For all the reasons mentioned above, the beamthdéostructural steel alternative will
be chosen from the IPE series catalogue (IPE-10PHEe500).

To fully describe all the elements of the structiirss necessary to define the type of
slab used in the design. Since this alternativeaged on steel, the solution that best fits
this requirement is the composite slab. These slaldstheir properties were described
on the structural steel alternative for the redidébuilding.

Figure 69: Steel-concrete composite slab
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As a reminder, these slabs combine the best prepart concrete and steel creating a
lightweight product with a good response and bejrawder all kind of actions.

As told in section 4.2, composite steel decks sttpdoby composite steel joists can
span greater distances between supporting elenards have reduced live load
deflection in comparison to other construction reth

These joists will be design using IPE profile asdutor the beam design. The joists will
be smaller profiles than the beams and will helpa¢hieve a rigid behavior of the
structure.

Figure 70: Main beams and secondary beams supgahéncomposite slab

Considering the interaction between concrete agdl 36 mandatory to have a good
interface connection. For that reason, as toldtler residential building, notches and
ledges are made on the steel to ensure the copecational behavior.

Finally, basing the election of the deck typology the shear resistance and general
behavior, it is better to use the trapezoidal deglaystem due to its higher moment of
inertia and greater amount of notches as donethéthesidential building.

5.2.1.Materials

For the structural steel alternative the three madteconsidered when designing the
building are concrete and profiled steel and retbeel. The properties for each material
used during modelling are represented in the foligwables.

Table 52: Concrete properties for the structuietistlternative

T Ceee

Specific weight Ye 2400 kg/m
Characteristic strength fek 40 N/mnt
Elastic modulus E 30891 N/mm
Poisson coefficient v 0.2
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Table 53: Profiled steel properties for the streatsteel alternative

Profiled steel

Specific weight Vs 7850 kg/m
Characteristic yield stress fsk 355 N/mm
Elastic modulus E 210000 N/mm
Poisson coefficient v 0.3

Table 54: Rebar steel properties for the structstesd| alternative

Rebar steel

Specific weight Vs 7850 kg/m
Characteristic yield stress fyk 500 N/mnt
Elastic modulus E 200000 N/mm
Poisson coefficient v 0.3

5.2.2.Structural modelling

It should be recalled that the software make useatwulation methodologies set out in
the Eurocodes so the analysis and checks meeteetgnts collected there. The design
and verification methodology for each structuraneént forming the building structure
was commented and specified on chapter 3.4.

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustal#im different elements, assigning
parameters such as geometry, material used andiagmureferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joagd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bedtirig solution is found.

Once the forces are completely defined is possileroceed with the final design of
the structural element and the general designeobthiding.
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5.2.2.1. Columns

The columns are modeled and designed using ETABRezit type "column”. Square
tubular columns are considered in the design dubeim ease of construction; Column
dimensions will not vary depending on its posit@rfloor, so all columns will have the
same section.

According to the bidirectional configuration coreidd, these columns will withstand
bending moments in the two main directions and higmpression on their Z-axis

acting simultaneously to consider the worst loadiage scenario . Moreover, columns
have to be able to handle the shear forces apphethe two main directions due to

lateral loads acting in X and Y-axis.

5.2.2.2. Beams

Beams are modeled and design using ETABS elempat‘Beam”. IPE steel profiles
are taken into account during modelling to look tloe better and best fitting solution.
Beams will be subjected to the principal bendingmant acting in their longitudinal
plane and shear forces acting predominantly irr gsdremes.

These stresses will determine the necessary pfofikeach beam on different floors.

On the other hand it's necessary to ensure thecamnteraction beam-column to satisfy
the proper performance of the frame system. Torengithe model has to fulfil the
strong column-weak beam principle. This can be kheETABS through the beam-
column capacity ratio obtained after the analysis.

On the other hand, joists will be designed usindAB$ element type “secondary
beam”. As mentioned before, joists will be IPE gesf as well connected to the main
beams.

5.2.2.3. Slabs

Slabs are modeled using ETABS element type “shal’told before, composite slabs

are used on the model. ETABS is not able to desligins and for that reason the design
will be held using specific software called SAFEheTdesign of the composite slab is
done in SAFE and then, once the preliminary desigaady, verified using ETABS.

To take into account the composite slab in ETABS necessary to create a flat slab
with the same moment of inertia. To take into actdhbe real weight of the waffle slab,
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the weight of the flat slab material will be moddi By doing this, the software is able
to compute the structural response as if the l¢dt were a composite slab.

To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaaebémavior.

5.2.3.Modelling results

For this alternative, the first elements designedtiae columns. As told before, they are
composite columns. For the final design, all colsmmave the same properties
independently of their position. They have thedafing design:

Table 55: Composite columns design and properties

Composite columns

Dimensions 350 x 350 mm
Profiled steel thickness 10 mm
Additional reinforcement Not necessary
Steel area 0.0136 M
Concrete area 0.1089 M

The profiled steel around the concrete column astan external reinforcement and, as
a result, there is no need of additional rebarfoecement.

To visually show the design, it is presented inrtbgt picture.

Tubular steel profile (t=10mm)

Figure 71: Composite column design
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The next elements are the beams. Beams were ddsiyndoing a series of analysis

with different profile sizes until reaching the wpal response.

In this case, two types of profiles were used ddjpgnon their location. Beams
belonging to the perimeter of the building have dyyge of steel profile whilst the

beams corresponding to the interior structure regaimore robust profile due to the
acting forces in the two main directions.

Then, the final design for the perimeter beamsesmonds to a profile IPE-330. For the
interior beams in both directions the best fittprgfile is the IPE-400.

The properties for both profiles are shown below:

IPE-330

b =330 mm r=18 mm

b =160 mm d=271.0 mm
bwa = 7.5 ki = 307.0 mim
tF=11.5rm

& =626 cm2 M =497 ka/m
[v=11768 cmd lz =738 cmd
Weu=713.2 cmd Wiz =98.5 cm3
Wply = B04.4 cm3 Wplz = 1537 cm3
in=1271cm iz=355cm

It =281 cmd lw =1399377 cmb
Sy =402 cm3 Ayvz = 3081 cme
=293 cm

sl =1.254 m2dm
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IPE-400:

b = 400 ram r=21 mm

b =180 mm d = 331.0 mm

b =83.6 mm hi = 373.0 mim

tf =13.5 mm

B =845 cm2 M = B6.3 kg/m
[p=23131 cmd lz=1318 cmd
Wy = 11865 cm3 Wiz = 146.4 cm3
Weply = 1307.3 cm3 Wiplz = 229.0 cm3
iy =16.55 cm iz=23593cm
t=51.3cmd [v = 432749 cmb
Sy =6536cm3 Bz = 4270 cm2
gy =304 cm

AL = 1467 mdim

Al = 2212 m2dht

On the other hand, the design of the secondary $eajoists has been done following
the same process mentioned before. These joistdaviplaced between the principal
beams to reduce the span between supports folaihe s

Two intermediate joists will be disposed betweea thain beams. By doing this the
span is reduced from 6 m to 2 m which will allove #iab to be thinner.

The final design contemplates profiles IPE-200tf@se elements.
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IPE-200:

To clearly visualize the distribution of the difégit beam typologies, in the following
picture are represented in their correct positimroeding to the building plan.

b = 200 mm r=12mm

b =100 mm d =159.0 mm
v = 5.6 mm hi=183.0 mm

tf = 8.5 mm

A =285 cm2 M =224 kg/m
[y =1343 cmd lz =142 cmd
Wiy =194.3 cm3 Wz =28.5cm3
Wy = 2207 cm3 Wplz = 446 cm3
i =826 cm iz=224cm

[t =E.9cmd [w = 13052 cmb
Sy =1103 cm3 Az =14.00 cmd
g =17.6cm

AL = 0.768 mdm

A = 34,35 m2h
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Figure 72: Position of the beams depending on tbél@ type
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Finally, the last element designed was the slakthdse case is a composite slab, similar
to the solution adopted for the structural stetgrabtive for the residential building.

Again, the election of the proper slab is basedhencriteria collected on the different
manufacturer catalogues.

Knowing the loads applied and the span in this ¢asm), the selected composite slab
has the following properties.

Knowing the loads applied and the previous inforamgtthe design for the composite
slab has the following properties:

Figure 73: Composite slab geometry and charadtesist

Table 56: Composite slab design and properties

Composite slab |

Overall depth 110 mm
Steel sheet nominal thickness 0.75 mm
Maximum span allowed 2.62m
Maximum load allowed 11.90 kN/m
Concrete consumption 75 L/nt
Distance d-Vi 7.67 cm
X distance 3.56 cm
Moment of inertia (1) 329 cnf/m

5.2.4.Structural verifications

The verifications will be done as for the previalernative, verifying the storey drift
and the maximum deflection.
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To verify this last aspect is necessary to knowrnttaximum span in the building. For
this alternative, composite slab is considered aadresult, intermediate joists are
present in the design.

There are two intermediate joists between the rhaams. This makes the span to be 2
m and then, the admissible deflection turns to be:

L 2000

Oaam = 50 = Z50 ~ 8 MM

The deflection created by the loads will be anatyasing the following pictures given
by the software ETABS 2015.
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Figure 74: Deflection due to self-weight in mm (Btural steel alternative)
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Dead loads:
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Figure 75: Deflection due to dead loads in mm (@tral steel alternative)
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Figure 76: Deflection due to live loads in mm ($twral steel alternative)

The maximum deflection is produced in the corndrthe slab and the total deflection

is:

133



Master Thesis 2016 Fernando Sattler Cantons

6 =724mm < 644m = 8mm - Verifies

Following with the verification, now is time to @emine the maximum storey drift.
According to the standards the requirements corisgi¢he building and storey height
are:

dr =30mm
d; =12mm

The results obtained from the analysis are:

Maximum Story Displacement

Siorys 4

Sioryd

Storyd 4

Story2 4

Siory1 4

Base

T
00 20 40 60 B0 10.0 120 14.0 160 18.0 20.0
Displacement, mm

Figure 77: Maximum storey displacement for thedtral steel alternative (ETABS 2015)

The maximum drift achieved is 18.10 mm which is dovthan the maximum allowed.
The interstorey drift is between 3-4 mm. Therebgthbparameters are considered
admissible.

According to the previous results, the design rifieel.
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5.3. Precast concrete alternative

The last alternative involves precast concrete t#wedaim is the same as in the two
previous alternatives. Sometimes precast concretestuction is understood as a
“puzzle construction” where the building processigists in assembling the different
elements to create the final structure. In somes#sat is true, but in some others the
technical efforts to achieve the desired behawviercansiderable.

As in the reinforced concrete and the structureglstthe frame system will be used as
the reference structural system. As a result &f tpuzzle construction” sometimes is
not possible to create a rigid connection between dtructural elements and that can
represent a big problem against lateral loads. vicmdathese problems is necessary to
ensure a rigid connection between precast elemandsthe way to do it is by doing the
connectionsn-situ with cast concrete.

Figure 78: Example of element connection diomsitu for precast elements

Once the structural system is defined and the plesgiroblem solved, is time to
determine the different options for the columngrhs and slabs.

It should be remembered that precast concrete aeksmaee manufactured by specialized
manufacturers that have a catalogue with diffestiatpes, sizes and measures for each
solution they offer.

Once again, the structural elements chosen fosthetural design will be extracted
from these catalogues according to the proposthieoflifferent manufacturers.

The first element to be considered will be colunfhiecast columns will be similar to
the columns defined for reinforced concrete. Thamjng the design, square columns
will be used. The main difference will reside i ttype of concrete used.
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Beams are the next element to be defined. Accortdiiige manufacturers there are two
main types of beams. First one is rectangular gtdzeams. These beams are the typical
beams used in most buildings and can be easily factowed with different sizes.

ﬁr

Figure 79: Rectangular precast beam

These beams have additional outstanding reinforoernte improve the resistance
against longitudinal shear and to guarantee thecbinteraction between the two types
of concrete (precast amalsitu).

The second type of precast beams is called invertéams. These beams have a
flange in both sides that act as a support foistak. This type tends to be heavier than
the rectangular beam and has also outstandingorearhent to resist longitudinal shear.

Figure 80: Inverted T precast beam

The advantage of the T beams with respect to ittangular beams is the overall depth
needed for the slab which is lower due to the fsngn both sides. On the other side,
the inverted T beam has a good lateral behaviortalileeir geometry. The connection
between precast and cast concrete is also asieffexs in the case of the rectangular
beam. For both the rectangular beam and the irtv@rtéhe connection is robust and
guarantees a rigid connection between elements.

The structural scheme and the disposal of these$age represented in Figures 81 and
82.
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Figure 81: Rectangular beam structural scheme
BEAN COMMECTORS
WIESH JAN [E.DMF‘RESSI ON LAYER
! bt
|;"‘._‘::.'.F" .-T.'!.]._‘T’]-\'\"."::l"_.':_'.! -I"!T\. ﬁ'ﬂl.‘\-{‘lf'.”.'. ".\"-" ;}rﬁ:‘_\:t {'.'..".' | :. .."'..'..T.r.h-; ) ;'-."-I-a:\\.-‘-.“"\r_-l 5--.\;'
IIII- o . '-"-"'__:_'_ n AR I__ e i 1:1
b | ! '
! | | }
b ; ] 4
| | [
i ! i i 7
3 1'1 |
HOLLOW-CORE S_LAE}; \
| Y
T BEAM It J EPDM
|

Figure 82: Inverted T beam structural scheme

The last element to define is the slab. As tolebbefthe most common and used precast
concrete element is the hollow-core slab. As a meem, these slabs have good
resistance properties and are lightweight. Theabsshre well known due to their
versatility. They can be manufactured with diffarémcknesses, lengths and sections
according to the specific needs of the project.

All the properties and characteristics of this kofdslabs can be found in section 4.3
where they are explained for the residential bongdsolution.
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Figure 83: Different types of hollow-core slabs

Finally, to determine the best fitting hollow-costab is necessary to determine the
maximum load allowed as a function of the spanatieunt and type of reinforcement,
the section type and the thickness of the slab.tiidse parameters can be found in
tables and graphs in the different catalogues, hwiniake the election and decision
phase easier.

Then, the design of the precast concrete altematnll take into account square
columns, hollow-core slabs and inverted T precaants. Rectangular beams are also a
good choice but the free height space achievethéyniverted T beams is better in this
particular case for the purposes they are designed.

5.3.1.Materials

For the precast concrete alternative the two natedonsidered when designing the
building are concrete (precast amdsitu) and rebar steel. The properties for each
material used during modelling are representetierfallowing tables.

Table 57: Concrete properties for the precast @iealternative

Concrete |
Specific weight Ye 2400 kg/m
Characteristic strength fek 50 N/mnt
Elastic modulus E 32902 N/mm
Poisson coefficient v 0.2

Table 58: Rebar steel properties for the precastrete alternative

Rebar steel
Specific weight Vs 7850 kg/m
Characteristic yield stress fyk 500 N/mni
Elastic modulus E 200000 N/mm
Poisson coefficient v 0.3
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5.3.2.Structural modelling

First, it is necessary to determine the forcesngctin the structure, such as bending
moments and shear forces. To do this one mustal#im different elements, assigning
parameters such as geometry, material used andiagmueferences (rebar diameter
and covering).

Since the forces acting depend on the applied Joagd the weight of the structure
varies depending on the assigned geometry, theegpsogo through the analysis using
several different configurations until the bediri solution is found.

Once the forces are completely defined is possileroceed with the final design of
the structural element and the general designeobthiding.

5.3.2.1. Columns

The columns are modeled and designed using ETABRezit type "column”. Square
columns are considered in the design; Column diroaaswill not vary depending on
its position or floor, so all columns will have teame section.

According to the bidirectional configuration coreiidd, these columns will withstand
bending moments in the two main directions and higmpression on their Z-axis

acting simultaneously to consider the worst loadiage scenario . Moreover, columns
have to be able to handle the shear forces apphethe two main directions due to

lateral loads acting in X and Y-axis.

5.3.2.2. Beams

Beams are modeled and design using ETABS elempat‘Beam”. Inverted T beams
with different geometries are taken into accounirdumodelling to look for the better
and best fitting solution. Beams will be subjectedthe principal bending moment
acting in their longitudinal plane and shear for@gting predominantly in their
extremes.

These stresses will determine the necessary rebanth beam on different floors.

On the other hand it's necessary to ensure thecamnteraction beam-column to satisfy
the proper performance of the frame system. Torenguthe model has to fulfil the
strong column-weak beam principle. This can be khe®ETABS through the beam-
column capacity ratio obtained after the analysis.
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5.3.2.3. Slabs

Slabs are modeled using ETABS element type “shali’told before, hollow-core slabs
are used on the model. ETABS is not able to dedigjms and for that reason the design
will be held using specific software called SAFEeTdesign of the hollow-core slab is
done in SAFE and then, once the preliminary desigaady, verified using ETABS.

To take into account the hollow-core slab in ETAIBS necessary to create a flat slab
with the same moment of inertia. To take into actdhe real weight of the hollow-
core slab, the weight of the flat slab materiall voé modified. By doing this, the
software is able to compute the structural respasséthe flat slab were a hollow-core
slab.

To consider the slab as a monolithic unit capalbleesisting lateral forces, it will be
assigned to each slab a diaphragm that simulaa¢bdhavior.

5.3.3.Modelling results

The final design has been obtained after many aisatyying different geometries and
disposal configurations.

The first elements to be commented are columns. firfeé design contemplates a
unique design for all the columns in the buildiregchuse of the need of enough lateral
resistance against the actions considered. It dnoellremembered that these elements
are precast which means that, at least, have tisfysdhe structural requirements
obtained on the analysis. Then, the propertiesdasdn of the columns are collected in
the next table.

Table 59: Precast columns design and properties

Precast columns

, . Longitudinal Shear
Dimensions . .
reinforcement reinforcement
Stirrup
400x400 mm 25
% ¢10c/200 mm

The previous design is shown in Figure 84:

140



Master Thesis 2016 Fernando Sattler Cantons

0,4

Stirrups @10c¢/200mm

Figure 84: Precast column design

On the other hand, the beams have been designagithsiinverted T scheme as told in
previous chapters. To obtain the best fitting sofyt several geometries and
distributions have been tested in accordance vhéhdther structural elements. One
important aspect of these beams is the geometiiyeirperimeter beams. Those beams
cannot have two flanges and therefore have to hasigferent shape that allows the
support of the slabs only in one side. Then, thesens have been designed following
an L shape instead of an inverted T shape. Asultydise final design for both types is
the one collected in the following tables:

Table 60: Precast inverted T beams properties

Precast inverted T beams (Interior beams)

Overall depth 400 mm
Web depth 200 mm
Web thickness 150 mm
Flange width 400 mm
Area 0.11 nf
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Table 61: Precast L beams properties

Precast L beams (Perimeter beams)

Overall depth 400 mm
Web depth 200 mm
Web thickness 275 mm
Flange width 400 mm
Area 0.135 M

Since the actions on the different beams depenthein location, different rebar has

been obtained for the beams located in differeotest levels. The following tables

show the rebar configuration for each type of belpending on the storey they are
located.

Table 62: Reinforcement properties for beams

Precast inverted T beams (Interior beams)

Longitudinal Longitudinal
5 _ _ Shear
Position reinforcement  reinforcement ,
reinforcement
(Top) (Bottom)
Stirrups
+
Storey 1 25 + 216 8p12 ¢8¢/200mm
Stirrups
+
Storey 2 2025 + 216 il ¢8¢/200mm
Stirrups
+
Storey 3 820 + 2920 12 ©8¢/200mm
Stirrups
+
Storey 4 2020 + 220 L ¢8¢/200mm
Stirrups
+
Storey 5 16 + 216 8p12 ¢8¢/200mm
Precast L beams (Perimeter beams)
Stirrups
+
Storey 1 20 + 2p20 Gp12 ¢8¢/300mm
Stirrups
Storey 920 + 220 69 ©8¢/300mm
Stirrups
+
Storey 3 20 + 216 Gp12 $8¢/300mm
Stirrups
+
Storey 4 2920 + 216 cpllz ©8¢/300mm
Stirrups
Storey 5 820 6012 ©8c¢/300mm
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As an example of the design and to clearly showré¢thar distribution, the design for
both types of beams for the storey 1 are presdyetev.

2025 + 2016

Stirrups @8¢/200mm

Figure 85: Precast inverted T beam design (Intdré@ms)

4020

Stirrups @8¢/200mm

k. N B
X .
5 A |

Figure 86: Precast L beam design (Perimeter beams)

To conclude with beams, it should be said thateflseat possibility of having the same
geometry of both types of beams but using activefoecement (Prestressed steel
strands) instead of passive reinforcement.

Finally, regarding the slabs, they have been desigrsing hollow-core plates. These
elements have been selected from manufacturerogates using different known data
such as the maximum span and the loads applied.

The solution that best fits the requirements i9@ @&m hollow-core plate with 50 mm
compression layer. The design is detailed as falow
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189 189 128.5

Figure 87: hollow-core plate geometry

Table 63: Hollow-core slab design and properties

Hollow — core slab

Overall depth 250 mm

Hollow — core plate thickness 200 mm

Concrete compression layer 50 mm

N° of cores 6

Area of section 0.12 nf

Nominal width of the plate 1.20m
Prestressing steel yielding stress 1860 N/mm
Amount of prestressing steel 7¢ 9.3 mm
Maximum load allowed 8.50 kN/nt

Maximum span allowed 6.25m

The following graph is the graph used to definefthal design and parameters of the
hollow-core elements.
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Figure 88: Load —Span selection graph (Precat S.L.)

5.3.4.Structural verifications

To verify the deflection, a 5 meter span has bedert into account. With this, the
admissible deflection turns to be:

L 5000
250 250

adm =

This alternative takes into account hollow-corebslan the final design. The
manufacturer provides the deflection due to thé&weight of the plate. Thereby, the
deflection due to the self-weight of the compressayer has to be evaluated.
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Figure 89: Deformation curves for the 200 mm holoave plate (Precat S.L.)
The results given by the software ETABS 2015 atlecied bellow:

Compression layer self-weight:

-0.75

Figure 90: Deflection due to compression layer-salfght in mm (precast concrete alternative)
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Dead loads:

-0.60

Figure 91: Deflection due to dead loads in mm (@séconcrete alternative)

Live loads:

-@ <

o

_-.’ 4%%35_ P

-200

Figure 92: Deflection due to live loads in mm (@stcconcrete alternative)
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Considering the 5 meters span, the deflection dilee hollow-core slab is set in 4 mm.
The total deflection achieved in the building viié:

6§ =747mm < 644, = 20 mm - Verifies

As done before, now it's time to verify the totaifdof the building. The maximum
storey drift is 30 mm since the height of the bmddis 15 meters and the standards
consider the following limits.

Overall building admissible drift: d; = 5%

Interstorey admissible drift: d; = %

After doing the analysis, the results were theofwihg:

Maximum Story Displacement
Starys ¢

Storyd e

Staryd -

Story2 4

Story1 -

Base

T T
00 30 60 90 120 150 180 210 240 270 300
Displacement, mm

Figure 93: Maximum storey displacement for the pstconcrete alternative (ETABS 2015)
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For this alternative, the design is close to then88 limit, with 29 mm of maximum
drift on the top of the building. It should be remgered that this results correspond to a
situation in where the wind actions and seismid$oare happening together.

Nevertheless, the maximum drift is below the liamd can be considered admissible.

Finally, this alternative can be also consideredea#ied.
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6. Economic analysis

Once the structural design for all the alternativelsoth buildings is done, the next step
Is to evaluate the economic cost of each solution.

When assessing the cost of a structure there angy mays to do it. The fastest way
would be considering the price of the mere matemal see which the cheapest solution
is. This type of analysis would be valid if onlyreghe cost of raw materials regardless
of anything else, but structures have more stakighnslthat need to be considered.

During the construction process some auxiliary eopaeint is used to move, place,
secure and even build the different elements. &@gispment has a cost related with the
building material.

On the other hand, to have the job done it's irglisable a human team. On the
economic analysis, the human resources have takke into account.

For that reason, the price should reflect the obshe finished product. The cost of the
finished structure is a more appropriate tool tanpare and evaluate the different
alternatives.

Then, when assessing the price of the structuemhehts the following aspects should
be considered:

- Cost of the raw material

- Cost of the auxiliary elements and equipment
- Cost of the time of human resources

- Other costs

To evaluate the cost in an adequate and reliablenarais necessary to use price
databases or price books created and publishedhédoydmpetent authorities. These
databases realistically reflect the market priceshe different construction elements
and their associated costs.

In this thesis, the reference price database is(Muwrsk Prisbok 2010) edited by
“Norconsult Informasjonssystemer AS i samarbeid 8dBygganalyse”.

Since the aim of this thesis is to compare the ocbghe different alternatives, the fact
that the book refers to the 2010 prices is notvegle The reference book is just a
comparison tool.

150



Master Thesis 2016 Fernando Sattler Cantons

6.1. Material usage

This section collects the usage of material in ealtdrnative for both buildings. This
will be useful to assess and compare the mateeets in every case and will give
additional information of the building alternativ8e two materials taken into account
are concrete and steel. Steel collects all kinste¢l: rebar steel, steel profiles and steel
profiled sheets.

6.1.1.Building 1: Residential building

In first place it's interesting to present the prdpes of the residential building in terms
of surface as a function of the structural elengme. As a result, the following table is
presented:

Table 64: Properties of the residential building

Residential Building

Structural Total surface
element (m?
Bearing walls
(=250 mm 643.10
Bearing walls
=200 mm 342.61
Bearing walls
=150 mm 414.70
Slabs 930.80

Once the surfaces are known for each structural pgar necessary to evaluate the
amount of material needed to build them. As to&foke, concrete and steel are
considered. The following table shows the obtairesalt from the final design.
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Table 65: Material usage for the different alteivesd (Residential building)

Reinforced concrete alternative ‘

Structural Concrete usage  Steel Usage  Total concrete Total steel (Kg)
element (m°/m?) (Kg/m?) (m°) ’

Bearing walls 0.95 782 160.78 5029.04
t=250 mm

Bearing walls 0.20 708 68.52 2494.20
t=200 mm

Bearing walls 0.15 703 62.21 2915.34
t=150 mm

Solid slab with
olid slab wi 010 15.78 93.08 14688

embedded bean

Structural steel alternative

Bearing walls

D [ 0.25 7.82 160.78 5029.04

Bearing walls 0.20 728 68.52 2494.20
t=200 mm

Bearing walls 015 7.03 62.21 2915.34
t=150 mm

Composite slab 0.085 8.08 79.12 7520.86

Precast concrete alternative

Bearing walls

(=250 mm 0.25 7.82 160.78 5029.04
Bearing walls 0.20 728 68.52 2494.20
t=200 mm
Bearing walls 0.15 7.03 62.21 2915.34
t=150 mm
Hollow-core
slab 0.15 6.74 139.62 6276.70

Finally, a table containing the total amount of enel for each alternative is presented.
This table will be useful to determine the lessstoning alternative and will allow
make comparisons.
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Table 66: Total material used for each alternafiesidential building)

Reinforced concrete 384.60 25107
Structural steel 370.63 17960
Precast concrete 431.13 16716

The precast concrete alternative is the most ctao@suming whilst reinforced
concrete alternative is the most steel-consumivgn enore than the structural steel one.

This fact will be evaluated later to determine #féect on the final cost of these
alternatives.

6.1.2.Building 2: Office building

As done for the residential building, the properted the building are collected in the
following table:

Table 67: Properties of the office building

Office Building

Structural :
Measurement Units
element
Columns 450 Linear meter
Beams 1350 Linear meter
Slabs 3000 M

Once the element properties are defined, it's remggsto assess the material usage.
These materials will be concrete and steel. THewiahg table shows those results.
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Table 68: Material usage for the different alteivest (Office building)

Reinforced concrete alternative ‘

Total
Structural Concrete : Steel : o Total steel
Units Units concrete
element usage Usage 2 (Kg)
(m°)

Columns 0.1225 Am 13.56 Kg/m 55.13 6102
Beams 0.1225 m*/m 13.19 Kg/m 165.38 17807
Waffle slab 0.086 Am? 39.77 Kg/ni 258 119310
Structural steel alternative
Columns 0.1089 Am 106.76 Kg/m 49.01 48042
Depends
Beams s m*/m on the Kg/m . 76675
profile

C it
OMPOSIe o075  mMm?  8.08 Kgin? 225 24240
slab
Columns 0.16 fim 14.46 Kg/m 72 6507
Perimeter
0.135 m*/m 16.54 Kg/m 67.50 8270.48
beams
Internal 0.11 mm 2091 Kg/m 93.50 17773.5
beams
Hollow-core
Sah 0.15 m/m? 3.73 Kg/m? 450 11190

The total amount of material used in each alteveas presented as follows:

Table 69: Total material used for each alternaf@ice building)

Reinforced concrete 478.51 143219
Structural steel 274.01 148957
Precast concrete 683 43741
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For the office building, the structural steel al#ive is the less concrete-consuming
alternative whilst the one with more consumptiothis precast concrete alternative.

Regarding the steel usage, the behavior is as ®gethe structural steel alternative
has the highest consumption followed by the reo#dr concrete alternative. The
precast concrete alternative is the less-consumiitly more than three times less
consumption than the other alternatives.

6.2. Construction elements and associated costs

This sections aims on giving a detailed view of diféerent items taken into account
during the assessment of the final costs of thierdifit alternatives. As told before,
these items have to contain the cost the finismedytzt.

These items are collected in the 2010 edition ef Horwegian price book (Norsk
Prisbok 2010).

The next table collects the different items usedhi&m economic evaluation and shows
the references from the Norwegian price book 2010.

Table 70: ltems considered in the economic analysis

- Price (NOK Pri
Units  Price (NOK) rice (€) price book

Reference in thj

Exterior concrete bearing ) 1793.3 189.55 D-046
wall (t = 250 mm)

Exterior concrete bearing P 1469.9 155.37 D-045
wall (t = 150 mm)

Interi te beari
nterior concrete bearing 1647 4 174.13 D-074
wall (t = 250 mm)

Concrete Decking slab m 1203 127.16 D-105
Corrugated steel profiled -

. 329.6 34.84 D-133
sheet for decking and roof m
Concrete compression
layer (SOmm)with 428.69 45.31 i
bidirectional steel meslp(
=6 mm)
Precast concrete exteriol - 1753 185.29 D-048

bearing wall (t = 250 mm)
Precast concrete exterior
bearing wall (t = 150 mm)

1238 130.86 D-048
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Precast concrete interior -
. 1574.9 166.47 D-076
bearing wall (t = 250 mm)
Hollow-core plate
(t=200mm) with m? 713.8 75.45 D-107
compression layer (50mm)
Concrete square column:
350350 mm 1961.75 207.36 D-034
Concrete rectangular
beams 350x350 mm 1780.65 188.21 D-035
COnEeteMallicSIADENNT 1439.5 152.16 D-106
(t=250mm)
Tubular. profiled steel for kg 3792 3.03 D-038
composite square columns
Concrete cglumns used fc P 1630.87 172.38 :
composite columns
Beams based on HEA
/HEB /IPE steel profiles kg 32.7 3.4 D-039
Precast concrete square
columns 400x400 mm 2396.2 253.28 D-036
Precast concrete beam 2168.5 229.21 D-036
(inverted T)
Precast concrete beam (1 2331.2 246.41 D-037
shape)

The items shown above contain all the necessargria to build the final product
with the corresponding manpower, time spend anchimacy.

Based on the item list it is possible to determiimefinal cost of the structures for each

building and their different structural variations.

6.3. Construction costs

6.3.1.Building 1: residential building

The final prices of residential building are ana&gzbelow. For each structural
alternative, the involved items are taken into anta@onsidering the different structural

elements.

In first place, the reinforced concrete alternativeconsidered. The considered items,
guantities and final prices for each item are showthe following table.
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Table 71: Residential building — Final cost for teenforced concrete alternative

Reinforced concrete alternative

Item Units Quantity Price (NOK) Price (€)
Exterior concrete bearing 643.10 1,153,271.23 121,899.61
wall (t = 250 mm)
Exterior concrete bearing 414.70 609,567.53 64,431.94
wall (t = 150 mm)
Interior concrete bearing | o 342,61 564.415.71 59,658.68
wall (t = 250 mm)
Concrete Decking slab m? 930.80 1,119,752.40 118,360.53
Total 3,447,006.87 364,350.76

Second, the final cost of alternative structurakebkts analyzed. As in the previous case,
a table with the breakdown of items is presented.

Table 72: Residential building — Final cost for gteuctural steel alternative

Structural steel alternative

Item Units Quantity Price (NOK) Price (€)
Exterior concrete bearing 643.10 1,153,271.23 121,899.61
wall (t = 250 mm)
Exterior concrete bearing 414.70 609,567.53 64,431.94
wall (t = 150 mm)
Interior concrete bearing -, 342.61 564,415.71 59,658.68
wall (t = 250 mm)
Beams based on HEA
. ki 792.4 287,514.1 422.
IHEB /IPE steel profiles g 8792.48 87,5 0 30 00
Corrugated steel profiled —, 930.80 306,791.68 32,429.07
sheet for decking and roofs
Concrete compression
 layer (S0 mm) with ? 930.80 399,024.65 42,174.55
bidirectional steel meslp(
=6 mm)
Total 3,033,070.80 351,015.83

Finally, the table containing the prices for theqast concrete alternative is shown
below.
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Table 73: Residential building — Final cost for irecast concrete alternative

Precast concrete alternative

Item Units Quantity Price (NOK) Price (€)
Precast concrete exterior 643.10 1.127,354.30 119.160.10
bearing wall (t = 250 mm)
FITSERSE BITSTEE DU 414.70 513,398.60 54267.64
bearing wall (t = 150 mm)
Precast concrete interior 342.61 539,576.49 57,034.29

bearing wall (t = 250 mm)
Hollow-core plate
(t=200mm) with m

compression layer (50mm

3 930.80 664,405.04 70,228.86

Total 2,844,734.43 300,690.89

6.3.2.Building 2: Office building

In this case, the same procedure is done. Theaftestnative to be analyzed is the
reinforced concrete one.

Table 74: Office building — Final cost for the rigirced concrete alternative

Reinforced concrete alternative

Item Units Quantity Price (NOK) Price (€)
Concrete square columns

et m 450 882.787.50 93,312.00
Concrete rectangular
o oxany M 1350 240387750  254,083.50
Concrete waffle slab 3000 4,318,500.00 456.480.00

(t=250mm)
Total 760516500  803,875.50

Then, the structural steel alternative is considerée following table shows the final

cost.
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Table 75:0ffice building — Final cost for the structural stalternative

Structural steel alternative

Item Units Quantity Price (NOK) Price (€)
Tubul filed steel f
vbuiar profiied steetior 48042 1,787,162.40 188,805.06
composite square columns
Concrete columns used fc 49.05 79,094.17 8,455.24
composite columns
Beams based on HEA
. k 111905 3,659,293.50 387,191.30
/HEB /IPE steel profiles g
Corrugated steel profiled — , 3000 988,800.00  104,520.00
sheet for decking and roof
Concrete compression
 layer (50 mm) with 2 3000 1,286,070.00 135,930.00
bidirectional steel meslp(
=6 mm)
Total 7,801,320.07 824,901.60

Finally, the last table presents the final costifi@r precast concrete alternative.

Table 76: Office building — Final cost for the pastconcrete alternative

Precast concrete alternative

Item Units Quantity Price (NOK) Price (€)
Precast concrete square
columns 400x400 mm 450 1,078,290.00 113,976.00
Precast concrete beam 850 1,843,225.00  194,828.50
(inverted T)
Precast concrete beam (L 500 1,165,600.00 123,205.00
shape )
Hollow-core plate
(t=200mm) with m? 3000 2,141,400.00 226,350.00
compression layer (50mm
Total 6,228,515.00 658,359.50
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6.4. Final costs analysis

In this section, the cost of the finished produmt the different alternatives will be
analyzed. To simplify the data analysis, the fio@ét for each building is summarized
in the next table.

Table 77: Cost comparison

Final costs

Residential building Office building

Alternative  Cost (NOK) Cost (€) Cost (NOK) Cost (€)

Reinforced , /17.006.87 364,350.76 7,605,165.00 803,875.50
concrete

S”;Zt:lra' 303307080 351,01583 7,801,320.07  824,901|60
Precast ) 844,734.43 300,690.89 6,228,515.00 658,359.50
concrete

Beginning with the residential building, from theepious table some important
information can be extracted. The most expensitegradtive is the reinforced concrete
one. Surprisingly these kinds of buildings areri@st common and extended in Europe
due to the ease of construction and the theoreloveér price of the concrete with
respect to other materials.

Structural steel alternative follows the previoue on price. This alternative is 3.80%
cheaper than the reinforced concrete alternatidetlae main reason lies on the decking
system. The composite slab is cheaper to build tharsolid slab since it needs less
material to achieve a similar resistance. The sslab is heavier and requires more
material to withstand the loads.

Finally, the cheapest option is the precast coacedternative. This one is 21.2%
cheaper than the reinforced concrete alternatidel&n70% cheaper than the structural
steel one.

Precast concrete elements tend to be cheaper thatusal elements executéatsitu
due to the standardized processes in the preféibnceglant. This allow the
manufacturer to contain the cost of the final paidand therefore, to offer a
competitive product to the customer.

Now, focusing the interest in the relation cost-enial usage the section 6.1.1 should be
recalled. Seeing the material usage for the retefibrconcrete alternative becomes
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evident the reason for the higher price. It isdhernative with major steel usage, with
more than 25 tons. Steel tends to be one of the expensive materials and therefore
supposes an important factor to analyze. Despig the concrete usage is not the
highest.

Then, the structural steel alternative comes with lbwer concrete consumption (370
m® and with almost 18 tons of steel. It's interegtio see that the same structural
scheme can be achieved with less material and avitbwer cost, even when the
alternative is based on one of the most expensiatenmls. Anyways, it should be
remembered that for the residential building, tlearmg walls are made of reinforced
concrete.

Finally, the precast concrete alternative prestr@shighest amount of concrete but the
lowest steel usage. In this case, all elementsnade of concrete and the hollow-core
slab configuration requires more concrete thanratb&utions. In the other hand, these
hollow-core slabs make the difference with the Ismnsumption since they are

prestressed. Prestressing requires less steehtevaca similar behavior with respect
the same element with passive reinforcement. Duleetdnigh slab area, the main saving
in cost and material for this alternative is du¢hte slabs.

Regarding the office building, the behavior in fimal cost suffers a little variation. The

most expensive alternative in this building is shictural steel one. The office building
has more usable surface and then more materiatadenl. Steel is one of the most
expensive construction materials and in this ctse’s a big amount of steel used in
this alternative, mostly profiled steel.

The second place is for the reinforced concreteradtive. This alternative has a similar
price to the steel alternative. This one is onlg%. cheaper than the previous
alternative, so both alternatives can be considdegmending on the interests of the
different stakeholders.

The cheapest alternative is, again, the precagiretsnone. In this case the difference
with respect to the two other solutions is morenifigant. The final cost of this
alternative is 22.10% lower than the reinforcedarete alternative and 25.30% lower
than the structural steel.

That behavior is due to the structural scheme efdffice building. Saving distances,
precast beams and columns are cheaper than beallsgdue to the lower amount of
materials needed to build each element.

Again, the comparison between final cost and mateisage seen in section 6.1.2 will
provide some interesting conclusions.
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First, a comparison between reinforced concretesamuattural steel alternatives will be
done. These alternatives have a similar price lmitmaterial usage is pretty different in
some aspects.

Regarding the concrete consumption, reinforced redaclternative uses almost 75%
more concrete than the structural steel alternatre the other side, it uses less steel
than the structural steel alternative (3.5% leSggn with this big difference in concrete
consumption and the tiny difference in steel corsiion, the cost of the steel
alternative is higher. Once again, the type of maeused has a direct influence in the
final cost even when the differences are small.

About the precast concrete alternative, the relatimst-material usage is obvious. It has
the major concrete consumption (43% more than oeiefl concrete and 150% more
than structural steel) but the lower steel consionptithout any doubt.

The office building has a total floor surface 008 which is done using hollow-core
slabs for this solution. The reasoning is the samefor the residential building:
Prestressed hollow-core plates require less dtael the other solutions. The reduction
of steel in such a big surface provokes a stegjausaduction of 233% in the best case,
which is the reinforced concrete alternative, add% with respect the structural steel
alternative.
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7. Conclusions

After designing, modelling and analyzing two dif#fat buildings with differentiated
structural typology it can be ensured that, dutimg planning phase, it is crucial take
the correct decisions regarding the structural sehe

There is a wide range of options to be taken ictmant while planning and designing
a building. These options go from material choigestructural solutions. Any small
variation in those aspects can increase or decteadmal cost of the project.

When choosing a structural scheme or solution itmigortant to assess the material
usage and compare it with other valid solutiondkig about general buildings, as the
buildings modelled in this master thesis, sometirttes comparison is not made.
Designers use the traditional reinforced concreteation because they have used it
before in similar projects.

This is a common behavior in the building and cartdton field but it's far away of
being correct. It is crucial to know that every jpat is a prototype. Every project is
unique. Every project has to be considered asteblom other ones since conditions
are different in each case. With this premise indnthe design phase can be fronted
with more perspective and major knowledge of traggmt to find the correct solution.

Regarding the two buildings analyzed, the econoamalysis done in section 6 has
shown really interesting results. The most obviand interesting is that in both cases,
residential and office building, the precast coteadternative is the cheapest. It is well
know that the precast solutions tend to be chediperto the “mass production” scheme
followed by the manufacturers.

In both cases the economic saving with respecbther alternatives supposes quite a
big amount of money. For the residential buildihg tifference with respect the most
expensive alternative is 602,272.44 NOK (63,6598 Avhich is a huge difference
taking into account that both solutions presenbadgbehavior under the considered
actions.

In the office building this difference is even maosgnificant. The cost difference
between the most expensive alternative, whichassthuctural steel one, and the precast
concrete alternative is 1,572,805.07 NOK (166,54 Z). In this building the framed
system scheme plays an important role in the foost since beams and columns are
more common in the prefabrication field than begnwvalls. As a result, the cost of
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these elements (precast columns and beams) ditie¥ with respect the same elements
executedn-situ, which increases the difference in the final cost.

Looking at these results, it becomes evident therlred an alternative analysis in all
projects. As told before, the comparison phaseusial not just to find the best fitting
solution but to save money in the overall coshef project.

Another important point to discuss is the amountnaterial used. From both buildings
can be extracted the following conclusion: The mapaterial usage doesn’'t mean a
major resistance. In both buildings the precastiie alternative requires less material
than the other two alternatives to achieve a smmilasistance and fulfil the
recommendations and verifications collected indfamdards.

High resistance concretes and steels are usedefabpication. Due to this fact, the
structural elements can be smaller and maintaim tesistance, with the consequent
reduction in materials and costs. Now it becomeslesx that the precast concrete
alternative is the cheapest one but, what aboutttiner alternatives?

Regarding the reinforced concrete and structued! stlternatives, the final structure
cost has a smaller difference. For the residehtidting the difference in cost is about
3.7% whilst for the office building is 2.60%.

Depending on the structural solution adopted amdhhilding typology the cheapest
solution can vary. For the residential building tiearing wall scheme supposes a huge
amount of material, both concrete and steel. A itolsection 6.4 the main difference
lies on the slab choice. One solution uses lesemahthan the other and, therefore,
becomes a cheaper solution.

For the office building the differences in cost® aven smaller. In this case the
structural steel alternative is more expensive tdune high amount of steel used. The
reinforced concrete solution also uses a high amotisteel due to the rebar which
increases the final cost. In these situations, h&o alternatives present similar prices
it's important to evaluate the benefits and disatlvges of each solution to take a
decision considering the boundary conditions of pneject such as climate and/or
location.

Finally, to conclude this document it's importard emphasize the viability of
prefabrication in the actual construction field. ddabtedly prefabrication supposes a
competitive alternative for all kind of buildinggom industrial structures to residential
buildings. Another aspect to be considered is tiRrefabrication supposes a reduction
in the time needed to raise a building since tisene’ hardening period for concrete and
it is just a matter of assembly. In addition, thaality control is excellent which
guarantees a competent final product. Given thetyaof possibilities offered by the
prefabrication and by looking at the results of élsenomic analysis is vital to consider
this kind of solutions in future projects.
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