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Closer introduction lecturer:

ÅDick van Keulen, PhD, MSc

ÅFounderof structuraldesign firm (2004):

ÅSpecialisedin design andengineering of precast
concrete buildings

ÅResearch topics relatedto precastconcrete:

ÅHigh-Rise Building Design andConstruction

ÅtƘ5 ǊŜǎŜŀǊŎƘ άNarrowVerticalMortar Connections
for PrecastConcrete ShearWalls

ÅRobustnessof building structures

ÅMember of severalcommittees

Introduction
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Agenda/ 10:00 ς 11:40 

ÅIntroduction
ÅDesign and calculations for precast concrete building 

structures:
ÅSpecifics for element lay-out design
ÅRequirements in current and next generation of Eurocodes 
ÅFEM modeling and analysis of structures composed of HCS 

and Shear Walls
ÅQ&A session
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ÅSession1: Design and calculations

ÅSpecifics for element lay-out designfor buildings

ÅCompositionof wall elementsandconnections

ÅRequirements in Eurocodes 

ÅFEM modeling and analysis of structures 
composed of HCS and Shear Walls

Introduction
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PrecastConcrete Construction methode 

Introduction

Construction wall element 
in concrete factory

Transport over 
public roads

Verticaltransport

Assembly at constructionsite
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Whyprecastconcrete construction?

ÅTraditional constructionsites suffer 3-D syndrome(Dirty, Dangerous andDifficult)

Advantages

ÅReady-made componentsonlyneedto beassembled

ÅHigh qualitydueto concrete factoryproduction

ÅLesscomplex logisticson constructionsites

ÅHigh constructionspeed!

Disadvantages

ÅRelativelylong engineering process

ÅNo flexibility for late changes

ÅSizeandweightof elementslimited (dueto roadtransport)

Introduction
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Whenare the benefits reallyderived?

ÅConstruction without traditional scaffolding

ÅReady-ƳŀŘŜ ŦŀœŀŘŜ ŜƭŜƳŜƴǘ όincludingglazedframes)

ÅSelf-supportingslabswith pre-attachedbalconies

Introduction
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Maanplein Den Haag (70m) De Brabander Tilburg (60m) Grote Beer Rotterdam (70m) Zalmhaventoren Rotterdam (215m)

Introduction

Examplesof buildings constructedwithout scaffolding
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Agenda/ 10:00 ς 11:40 

ÅIntroduction
ÅDesign and calculations for precast concrete building 

structures:
ÅSpecifics for element lay-out design
ÅRequirements in current and next generation of Eurocodes 
ÅFEM modeling and analysis of  structures composed of HCS 

and Shear Walls
ÅQ&A session
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Specificsfor element lay-out design

Element lay-out design
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Specificsfor element lay-out design

ÅShearbehaviourof a verticalconnection

Element lay-out design

Shear stiffness Ë

Shearcapacity ʐÕ
0 < k < Њk = 0
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Specificsfor element lay-out design

ÅCast-in-placeloop connection

ÅContinuousconnection

ÅFor the transfer of heavy forces

ÅVerylaborious!

Element lay-out design

Rebendconnection
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Specificsfor element lay-out design

ÅDiscrete connections

ÅWeldedplates

ÅCorbels

ÅBolted

ÅInterlockingelements

Element lay-out design

Corbelconnection Interlockingwall elements

Weldedconnection
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Specificsfor element lay-out design

ÅMortar connections

ÅCombinationsof connections(e.g. profiledmortar connectionwith weldedplates)

Element lay-out design
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Specificsfor element lay-out design

ÅEffect of a verticalshearconnectionon cantilevershearwall behaviour

Element lay-out design
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Specificsfor element lay-out design

ÅExperiment with shearstress distributions

ÅPlate model with uniform shearstressesand
verticalsupports stiffnessesk1:

ÅIn case with reducedstiffnessk3: represen-
ting reducedconnectionshearstiffness:

ÅCausesvertical(bending) stressesRx

ÅRemainingstresses(10) to be transferredvia 
bendingin the three wall element stacks:

Element lay-out design
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Specificsfor element lay-out design

ÅTraditional horizontalmortar connection

Element lay-out design

Shearforces Bendingmoments
(TensionandCompressionforces)
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Element lay-out design

Specificsfor element lay-out design

ÅHollowCoreSlab (HCS) ς

Wall intersections

ÅConsolisSpenconn
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Element lay-out design

Specificsfor element lay-out design

ÅHollowCoreSlab (HCS) ς

Wall intersections

ÅConsolis{ǘǊŅƴƎōŜǘƻƴƎ



Xxx

21

Specificsfor element lay-out design

ÅDDS concept of ConsolisVBI

ÅFor multi-storeybuildings

ÅNeoprenestrip applicationrestricted

ÅHorizontalandverticaltyingreinforcement

Element lay-out design

Җ п storeys

Җ с storeys

Җ у storeys

neoprenestrip

mortar

neoprenestrip

neoprenestrip

mortar mortar

ties
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Specificsfor element lay-out design

ÅSlab-Wall intersectionfor multi-storeybuildings

Element lay-out design
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Specificsfor element lay-out design

ÅEffect of verticalloads on slab-wall intersection

Element lay-out design
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Specificsfor element lay-out design

ÅDesign of HollowCoreSlabsby Gabriel Tarta

Compositionof precastconcrete shearwall structures:

ÅInterlockingelement lay-out or

ÅVerticalstacks of wallswith verticalconnection

ÅHorizontalmortar connection

ÅLimit numberof beamsandcolumns

ÅMake frames aroundwindowanddoor openings

ÅAvoidcast-in-situ concrete construction(with
formwork) construction

Element lay-out design



Xxx

25

Compositionof precastconcrete 3D structures:

ÅCorbelcorner connectionsor

ÅCorners with interlockingelementsper storey

ÅVerticalprofiledmortar connectionswith
tyingreinforcementin the slabs

ÅMake as far as possiblethe sameelements

ÅApplyprecastconcrete connectionsinsteadof 
traditional connections

Element lay-out design
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Agenda/ 10:00 ς 11:40 

ÅIntroduction
ÅDesign and calculations for precast concrete building 

structures:
ÅSpecifics for element lay-out design
ÅRequirements in current and next generation of Eurocodes 
ÅFEM modeling and analysis of  structures composed of HCS 

and Shear Walls
ÅQ&A session
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Interface sheartransfer EN-1992-1-1:

ÅSection6.2.5: Old-to-new concrete interfaces

Individualshearmechanisms:

ÅAdhesivebonding + Mechanicalinterlock:

ÅFriction:

ÅDowelaction:

Eurocodes requirements
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Interface sheartransfer

Interactionbetween3 mechanisms:

ÅAdhesivebonding + Mechanicalinterlock

ÅFriction

ÅDowelaction

Modelcode 2010

ÅRigidbond-slip behaviour(typicallyǎ Җ лΣлр ƳƳύ

ÅNon-rigidbond-slip behaviourόлΣр Җ ǎ Җ мΣр ƳƳύ

Eurocodes requirements
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Interface sheartransfer

Å2nd generationEurocode 2: EN 1992-1-1, section8.2.6

ÅReinforcementsufficientlyanchoredfor yieldstrength:

ÅReinforcementinsufficientlyanchoredfor yieldstrength:

Eurocodes requirements
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Interface sheartransfer

Å1st generationEurocode 2: EN 1992-1-1, section6.2.5

ÅShearcapacityVRdi

ÅSheardisplacements(s) measuredduringtests

ÅSheardisplacements(s) for ULS andSLS

ÅShearstiffness kx =

Eurocodes requirements

Displacementss (mm) 

for VRdi

Shearfriction equation ULS 

Slips (s)

SLS 

Slips (s)

- Strong bonding Ö ÃÆ ʈʎ

πȟυÖÆ

0,6-1,0 0,2

- Weakbonding Ö ʈʎ ʈʍÆ

πȟυÖÆ

1,5 1,0
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Agenda/ 10:00 ς 11:40 

ÅIntroduction
ÅDesign and calculations for precast concrete building 

structures:
ÅSpecifics for element lay-out design
ÅRequirements in current and next generation of Eurocodes 
ÅFEM modeling and analysis of  structures composed of HCS 

and Shear Walls
ÅQ&A session
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FEM global structural design

ÅSimplified 2D or Finite Element Method (FEM) based 
3D global design? 

ÅSimplified/Manual 2D
ÅάLǘΩǎ Ƙƻǿ ǿŜΩǾŜ ŘƻƴŜ ŘŜǎƛƎƴ ŦƻǊ ŀƎŜǎέ
ÅBasic
ÅSimplifying assumptions

ÅRobust
ÅEasy to verify

ÅFEM based 3D model
Åάbƻǘ ǘǊǳǎǘǿƻǊǘƘȅέ
ÅComplex
ÅSpatial interaction

ÅSensitive to input
ÅDifficult to verify
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FEM global structural design

ÅCriteria for structural regularity in seismic design ς
allowed simplifications

Regularity Allowed Simplification Behaviour factor

Plan Elevation Model Linear-elastic Analysis (for linear analysis)

Yes Yes Planar Lateral force Reference value

Yes No Planar Modal Decreased value*

No Yes Spatial Lateral force Reference value

No No Spatial Modal Decreased value*

Consequences of structural regularity on seismic analysis and design  (acc. to EN 1998)
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FEM global structural design

ÅFinite Element Method
Å Subdivides a large system into smaller, simpler parts 

called finite elements;
Å Method consists in the assembly of a global stiffness 

matrix from the stiffness matrix of elements with 
consideration of boundary and support conditions;

Å The mathematical model of a structure idealizes the 
building

╕ ▓ ◕
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FEM global structural design

ÅFinite Element Method

STIFFNESS MATRIX [K]

material

section
geometry

╕ ▓ ◕
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FEM global structural design

ÅFEM ςStructural system

materials

sections
geometry

Supports

Connections

Elements 
geometry

MATHEMATICAL MODEL OF 
THE STRUCTURE
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FEM global structural design

ÅFinite Element Method
ÅGeneral elements:
Å Truss element (1D)
Å Beam element (1D)
Å Plane element (2D)
Å Volumetric elements (3D)

INPUT: Definition of 
physical model 

geometry, material, 
loading and boundary 

conditions

LIBRARY OF ELEMENTS: 
generation of 

mathematical models for 
structural elements and 

applied loadings

SOLUTION: construction 
and solution of 

mathematical model for 
structural system

OUTPUT: Display of 
predicted displacements 

and forces
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FEM global structural design

ÅFinite Element Method
ÅPlane elements 
Å 2D elements: slabs, walls
Å Depending on their type and complexity:

Á In-plane tension/compression
Á In-plane/out of plane shear
Á Out-of-plane bending

Å In FEM based methods meshing is prerequisite to analysis
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FEM global structural design

ÅFinite Element Method
ÅPlane elements 
Å 2D elements: slabs, walls
Å Depending on their type and complexity:

Á In-plane tension/compression
Á In-plane/out of plane shear
Á Out-of-plane bending



Xxx

40

FEM global structural design

ÅFinite Element Method
ÅFinite element mesh
Å Smaller mesh sizes usually provide more accurate 

results 
Å Mesh size depends on the considered problem 
ÅαwǳƭŜ ƻŦ ǘƘǳƳōέ ƻǇǘƛƳŀƭ ƳŜǎƘ ǎƛȊŜǎ ŦƻǊ Ǝƭƻōŀƭ 

stability analysis:
Á 2D elements: 2 or 3 x Element thickness
Á 1D elements: Length / 6 (for stability analysis) 

ÅαwǳƭŜ ƻŦ ǘƘǳƳōέ ƻǇǘƛƳŀƭ ƳŜǎƘ ǎƛȊŜǎ ŦƻǊ ŜƭŜƳŜƴǘ 
calculation:
Á 2D elements: Equal or less than Element 

thickness
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FEM global structural design

Ɇmaterials

Ɇgeometry

Ɇsections

Ɇloads

MODEL

Ɇstatic

Ɇstability

Ɇmodal

Ɇseismic

ANALYSIS Ɇglobal 
verifications

Ɇoverall 
assessment

STRUCTURAL 
RESPONSE

Ɇelement design

Ɇconnection 
design

ɆULS/SLS 
verifications

DESIGN
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FEM global structural design

ÅFEM ςPrecast connections
ÅBeam-column
Å Commonly precast beam to column connections 

are considered fixed or hinged
Å Important to account for:

Á Geometry of the connection
Á Eccentricity between the axis of the column 

and application point (center of bearing pad)
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FEM global structural design

ÅFEM ςPrecast connections
ÅBeam-slab
ÅάŎƻƳǇƻǎƛǘŜέ ǾǎΦ άƴƻƴ-ŎƻƳǇƻǎƛǘŜέ ōŜƘŀǾƛƻǊ
ÅάŎƻƳǇƻǎƛǘŜέ ōŜƘŀǾƛƻǊ ȅƛŜƭŘǎ ǳƴǊŜŀƭƛǎǘƛŎ ǎǘǊǳŎǘǳǊŀƭ ǊŜǎǇƻƴǎŜ
Åάƴƻƴ-ŎƻƳǇƻǎƛǘŜέ ōŜƘŀǾƛƻǊ ōŜǎǘ ǎǳƛǘǎ ǇǊŜŎŀǎǘ ǎǘǊǳŎǘǳǊŜǎ
Å Recommendations:
Á Axis of elements should be kept in the centroid of the section 
Á Median plane of plate elements should be kept in the middle of 

the section)

Å c
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FEM global structural design

ÅFEM ςPrecast connections
ÅWall to wall connections
ÅάǘƘŜƻǊŜǘƛŎŀƭέ ƘƛƴƎŜ ƳƻŘŜƭǎ ƘŀǾŜ ǊŜǎǘǊƛŎǘŜŘ ŀǇǇƭƛŎŀōƛƭƛǘȅ
Å Rough evaluation of connection stiffness is 

recommended
Å Eccentricity of internal compression forces (V1) is difficult 

to consider in the model

ÅSlab to wall connections
ÅaƻŘŜƭƭŜŘ ŀǎ άǘƘŜƻǊŜǘƛŎŀƭέ ƘƛƴƎŜ
Å Important to account for:
Å Geometry of the connection
Å Eccentricities

ÅShould eccentricities be 
modeled in global models?
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FEM global structural design

ÅPrecast slabs
ÅFocus on specifics of hollow core (HC) slabs

ÅIn-plane behavior models
Å Lateral load distribution
Å Flexible diaphragm
Å Rigid diaphragm

ÅOut-of-plane behavior
Å Gravitational load distribution
Å Transverse load distribution according to 
EN1168 Annex C
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FEM global structural design

ÅPrecast slabs
ÅIn-plane behavior analytical models 

Å Flexible diaphragm
Á {ƭŀōΩǎ ǎǘƛŦŦƴŜǎǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǘƘŜ Ǝƭƻōŀƭ ǎǘƛŦŦƴŜǎǎ ƳŀǘǊƛȄ
Á Distribution of lateral forces is influenced by the in-plane 

stiffness of the slab

Å Rigid diaphragm
Á {ƭŀōΩǎ ǎǘƛŦŦƴŜǎǎ ƛǎ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ 
Á The slab acts as an infinite stiff horizontal element
Á Distribution of lateral forces is not influenced by the in-plane 

stiffness of the slab
Á Fundamental assumption of the classical 2D design approach

Flexible 

diaphragm

Rigid diaphragm

FEM model
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FEM global structural design

ÅPrecast slabs ςdiaphragm models
ÅRigid or flexible diaphragm model?

Å Eurocode 2
Á No clear recommendations
Á Rigid diaphragm model seems to be universally 

suitable

Å Eurocode 8
Á Clear limitations for the rigid diaphragm model
Á Rigid diaphragm can be used when max 10% 

difference between horizontal displacements of the 
two models 

Comparison between rigid and flexible diaphragm maximum lateral displacement
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FEM global structural design

ÅPrecast slabs ςrigid diaphragm model
ÅDistribution of horizontal loading
Å Analysis of a multi-wall system of bracings 

(a) Definitions & floor deflections due to 

translations
(b) Floor deflections due to rotations

Ὄ

Ὄ

ὉὍ

ВὉὍ

ὩὉὍὥ

ВὉὍὥ

*Kim S. Elliott, Precast Concrete Structures
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FEM global structural design

ÅPrecast slabs ςrigid diaphragm model
ÅInternal forces in the diaphragm connections
Å Shear in the longitudinal and transversal directions of the floor units

ὠ ὠɇ ὔ

ὠ ὠɇ
Ὓ

Ὅ
ὔȾάά

ὠ ὠɇ
φɇὒɇὄ ὒ

ὄ
ὔȾάά

(a) Shear and bending moment diagrams in slab 

(b) Shear in HC connections
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FEM global structural design

ÅPrecast slabs ςrigid diaphragm model
ÅInternal forces in the diaphragm connections
Å Tie forces

Ὕ Ὕ Ὕ
ὠ

ὲ ρ ǲ‘

ὓ

ᾀ

B/L z/B

<0.5 0.9

0.5<1.0 0.8

Ὕ
ὓ

ᾀ

Ὕ πȢυ ϳὠ ϳὄὒ

ÅBending - deep beam model B/L< 1

ÅBending - strut-and tie arch model B/L>1

ÅShear wedging + shear friction

Ὕ
ὠ

ǲ‘

*fib bulletin 6, Special design considerations for precast prestressed hollow core floors
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FEM global structural design

ÅPrecast slabs ςexamples
ÅFloor diaphragm behavior - comparative study

άwŜƎǳƭŀǊέ ǎǘǊǳŎǘǳǊŜ
Example 1

άLǊǊŜƎǳƭŀǊέ ǎǘǊǳŎǘǳǊŜ
Example 2

ÅDesign approaches:
A. manual calculation (rigid diaphragm)
B. FEM analysis (rigid diaphragm)
C. FEM analysis (flexible diaphragm)

ÅStructural output :
Å shear in wall panels/ distribution of lateral forces
Å internal forces in the HC slab connections
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FEM global structural design

ÅPrecast slabs ςexamples
ÅExample 1: regular structure

Å Structural system:
Á 1 story (3m high)
Á untopped two bay HD-F 120-20 slab
Á precast concrete beams
Á (inverted T 500x500-250-400mm)
Á double hinged columns (400x400mm)

Å Load:
Á 4 kN/m linear distributed wind load)

Å No vertical edge connectivity between the 
longitudinal and transversal wall panels!

Å Supports are άrigidέ
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FEM global structural design

ÅPrecast slabs ςexamples
ÅExample 1: regular structure
Å Structural output comparison: lateral force distribution & 

lateral displacements - rigid vs. flexible diaphragm model

Flexible diaphragm model

Rigid diaphragm model

Lateral displacements

Flexible diaphragm model

Rigid diaphragm model
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FEM global structural design

ÅPrecast slabs ςexamples
ÅExample 2: irregular structure

Å Structural system:
Á 1 story (3m high)
Á untopped two bay HD-F 120-20 slab
Á precast concrete beams
(inverted T 600x600-350-400mm)
Á double hinged columns (400x400mm)
Á precast wall panels (200mm)

Å Load:
Á 4 kN/m linear distributed wind load)

Å No vertical edge connectivity between the 
longitudinal and transversal wall panels!

Å{ǳǇǇƻǊǘǎ ŀǊŜ άǊƛƎƛŘέ*The structural system is provided as a design example in the 
Second Edition of Precast Concrete Structures, by K.S. Elliott


