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ADick van Keulen, PhD, MSc

AFounderof structuraldesignfirm (2004): INGENIEURSSTUDICD DCK

ASpeciaIisedh designandengineering oprecast
concrete buildings

AResearch topicelatedto precastconcrete:

A HighRise Building Desigmd Construction

At K5 NI aarowNEtcalMortar Connection
for PrecasiConcreteSheanwalls
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Introduction

ASessiorl: Design and calculations

A Compositiorof wall elementsand connections

| |
| |
ASpecifics for element layut designfor buildings | |
| |
| |
| |

ARequirements In Eurocodes
trai = Cv2 V(fa)lyc + My On + Ke o frg by + ke p N(fyq fod)

composed of HCS and Shear Walls

AFEM modeling and analysis of structures ° E




Introduction

PrecasiConcrete Construction methode
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Introduction

Why precastconcreteconstructior?
A Traditionalconstructionsites suffer 3 syndrome(Dirty, Dangerouand Difficult)

Advantages

A Readymadecomponentsonly needto be assembled
A Highquality due to concretefactory production

A Lesscomplexiogisticson constructionsites

A Highconstructionspeed!

Disadvantages
AReIativerIong engineeringrocess

A No flexibilityfor late changes

ASizeandweightof elementslimited (dueto roadtransport)




Introduction

Whenarethe benefitsreallyderived?

A Construction without traditionascaffolding J |
AReadyy I RS Tt cel BdludBdgiézecBamis) oy
A Selfsupportingslabswith pre-attachedbalconies :
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Example®f buildingsconstructedwithout scaffolding

Zalmhaventoren Rotterdam (215m)

Grote Beer Rotterdam (70m)

De Brabander Tilburg (60m)

Maanplein Den Haag (70m)
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Specificdor element layout design

A I A
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Element layout design

Specificdor element layout design

AShealbehaviourof averticalconnection

Shear 8ffness E -

Shearcapacity zx

2 2 A R A A A R AR AR A
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Element layout design

Specificdor element layout design
A Castin-placeloop connection

A Continuousconnection

A Forthe transfer of heavyorces

AVeryIaborious!

= i

Concrete factory Construction site

Rebendconnection
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Element layout design

Specificéor element IayOUt design Corbelconnection Interlockingwall elements

A Discreteconnections
A Weldedplates
A Corbels
A Bolted

A Interlockingelements

|
i = e

v

B8 B8 FE-B B8

Weldedconnection

14



Element layout design

Specificdor element layout design

A Mortar connections

A Combination®f connectionge.g.profiled mortar connectionwith weldedplateg

T
I
I

] 1C
T =2 =
LD

Indented vertical joint

concentrated
reinforcement
in the slab

ini
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Element layout design

Specificgor element layout design

A Effect of averticalshearconnectionon cantilevershearwall behaviour
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Element layout design

Specificdor element layout design

A Experimentwith shearstressdistributions
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Element layout design

Specificdor element layout design

A Traditionalhorizontalmortar connection

e e '
l l | ! I I grouted sleeve
e T Ju | 1}
-+« [' “‘" Ny T - i 1 projecting bar <—— wall element
| | | } | ' horizontal mort i
- —= ey _ ‘ /orlzon al mortar conneq
| R | |+ | |
n i
T —~ - PN 24 HHEEE —
@ < ? Il
' ‘ \ ‘ hollow core slab plank floor
T 7777777777777 77 //’////////////$ 7 ' anchor bar
s ' A 4 t G wall element
Shealiforces Bendingmoments

(Tensionand Compressiorforceg
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Element layout design

Specificdor element layout design
A HollowCoreSlab (HCS)

Wallintersections Gyses Nonset 50 (730-0205)
(Nonset S0F (730-0206))

A Consolisspenconn Montasjeshins 100xtx200 (720-0108)

(x sett per element)

Korr.rer 260 (460-0402)
(875 (660-0403))

Understep B30 (B35)

Utsteping B20 (B30)

Gyses Nonset 50 (730-0205)
(Nonset SOF (730-0206))

Montasjeshims 100xtx200 (720-0108)
{x sett per element)

via korr.rar maks c1500

=50

f }ZSVW/H/

Utsparing 50x400
senteravstand nx 1200

HD

Fugearm. #12 1=2.4m (Axx)
(216 1=3.0m (Axx))

Gummiband 20x8mm (720-0501)
(20x10mm (720-0502))

Opplegg 80mm

Sliss 100x600
Tettelokk

min23

HD - -

U-beyle 28 1=1.2m (Axx)

(210 1=1.34m (Axx])

Hakk for gjengestang 50x100




Element layout design

Specificgor element layout design

AHoIIowCoreSIab (HCSR)
Wallintersections

A consoli§ i NNy 36 §

) y‘ 3 STD 62-500 PINNSKRUY M24 (K- alt. T-detalj)

'!\Ih

STD 78-140 DUBBURSPARING
IGJUTNING enligt PIB

STD 18-110 FOGARMERING EAA-bypel i varje fog
enligt planritning (Byggplatsarmering)

Ev. DRAGBANDSARMERING enligt planritning

IGJUTNING enligt PIB

SH865 S-BYGEL e8K (STD 18-210)
Vid eventuell dragbandsarmering kopplas bygeln
runt denna i HD/F-fog. (Byggplatsarmering)

\ IGJUTNING enligt PIB

T
N SH1265 S-BYGEL 012K (STD 18-210)
é=\ Kopplas runt dubb (Byggplatsarmering)

Urtag 20 mm i lapp, placeras i centrum
pinnskruv, 120 mm i vaggens langdriktning

\ DRAGARMERING enligt planritning

615-324 SKRUVFASTE M24 vid STD 62-500
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Element layout design

Specificdor element layout design
A DDS concept dfonsolis/BI
A Formulti-storeybuildings

A Neoprenestrip applicationrestricted

A Horizontalandverticaltying reinforcement
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Element layout design
iIcdor element layout design

Speci
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Element layout design

Specificdor element layout design

A Effect ofverticalloads on slakwall intersection
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Element layout design

Specificgor element layout design
A Design oHollowCoreSlabdy Gabriel Tarta

Compositiorof precastconcreteshearwall structures
A Interlockingelement layout or
AVerticaIstacks ofwallswith verticalconnection

A Horizontalmortar connection

A Limit numberof beamsandcolumns
A Make framesaroundwindow anddoor openings

AAvoidcastin-situ concreteconstruction(with
formwork) construction

24



Element layout design

Compositiorof precastconcrete3D structures

A Corbelcornerconnectionor

A Cornerswith interlockingelementsper storey

AVerticaIprofiIed mortar connectionswith
tying reinforcementin the slabs

A Make as far apossiblethe sameelements

AApplyprecastconcreteconnections’nsteadof
traditional connections

25
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Eurocodesequirements

h2<10d

Interfacesheartransfer EN1992-1-1:

ASection6.2.5: Oldto-new concrete interfaces

ssg?‘

Individualshearmechanisms
AAdhesivebonding HMechanicalnterlock:

NEW CONCRETE

A Friction:

27



Eurocodesequirements

N,
Interfacesheartransfer ! F,
-
| S s
Interactionbetween3 mechanisms -

AAdhesivebonding +HMechanicalnterlock
A Friction

A Dowelaction

Modelcode 2010
ARigidbond—slipbehaviour(typicallyé X nZ
ANonrigid bondslipbehaviouro n ~ p X

rigid bond-slip behaviour

1_5
t 1
T Fy
| - Ocs S
| |~ 1
S :}FW
¢ } o o
dowel action
friction
Cohesion
(adhesion + mechanical interlocking)
-
non-rigid bond-slip behaviour S

v

&
7 <
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Eurocodesequirements

Interfacesheartransfer e /A/ b/ Ld R
™ | A 1
: _ s FA
AZ“O' generationEurocode 2: EN 199R1, section8.2.6 : . :
A= min(A;AA;)
A Reinforcemensufficiently anchoredfor yield strength
trai = Cv1 V(Fa)lyc + Hy On + P fyg (Uy Sina + cosa) < vy (8.99)
N.B.: Contribution of cvl\/(fck)/'yc corresponds to c f4 in current EC2
A Reinforcementnsufficiently anchoredfor yield strength
trar = Cuz (fa)lyc + py O + ke o fia iy + ke p V(i Foo) (8.56)
Equation 8.55 Equation 8.56
Surface roughness Giit My Cv2 k¢ Ky
very smooth 0,0095 0,5 0 0 1.5
smooth 0,075 0,6 0 05 1,1
rough 0,15 0,7 0,075 05 09
very rough SR 0,9 0,15 0,5 0,9
— keyed (0,37) 0,9 - - -

. Note: The factors for keyed interfaces
strength.

be applied for the area of each key considering its concrete

29



Eurocodesequirements

Interfacesheartransfer

AlSt generationEurocode 2: EN 199121, section6.2.5

A ShearcapacityVgy;

A Sheardisplacementgs) measuredduringtests
ASheardispIacements{s)for ULSAand SLS

A Shearstiffness k, =—

45°< @< 90°
h2<10d Neg
,< . d=>5mm
< 30° ER}/T Ves
Displacementss (mm) Shearfriction equation  ULS SLS
for Vg; Slips (s) Slips (s)
- Strong bonding O ME  iK 0,6-1,0 0,2
i O/

-Weakbonding O tA 1 ME 1,5 1,0

v O

30
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FEM global structural design

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

A Simplified/Manual 2D A FEM based 3D model ,
AGLUQE K2 6SQ0S R2y S RSambayl FleMBzad 136823NT K
A Basic A Complex
A Simplifying assumptions A Spatial interaction
A Robust A Sensitive to input

A Easy to verify A Difficult to verify

32



FEM global structural design

ACriteria for structural regularity in seismic desgn
allowed simplifications

Regularity
Plan

Yes

Yes

No

No

Elevation
Yes

No

Yes

No

Allowed Simplification

Model Linearelastic Analysis
T Planar Lateral force\

Planar Modal

Spatial Lateral force
\_ Spatial Modal )

Behaviour factor
(for linear analysis)
Reference value
Decreased value*
Reference value
Decreased value*

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

33



FEM global structural design

AFinite Element Method

A Qubdivides a large system into smaller, simpler parts

called finite elements;

A Method consists in the assembly of a global stiffness

matrix from the stiffness matrix of elements with

consideration of boundary and support conditions;

A The mathematical model of a structuigealizes the

building

1D

Beams

3-noded

3D

Hexahedions

See-

Pentahedions

34



FEM global structural design

Finite Element Method

— - 4 A
- 0 ] ] i} [ 0 ] 1] ] 0
L L
. L2 . 0 0 L 121, 0 0 0 &I,
geometry r i L3 Lz
121, &I, 121, 61,
» o ] [E Ju] - ? ] Ju] Q - = o — L_Z Q
FFn ] ] ] Uy 1
‘ 1] 0 ] _ i} ] ] 0 ] - 0 0
Fin 201+ vl 201 + vk ¥
F &1, 41, &ly 21, wy
Mol |00 T 0 7000 0 0 ey
M &l 41 6l ar, I8
o p = ) o b = g -I= o o |y
M| _ £ [ L [ L z1
Fez| ™ A A Uz
Fyn -7 0 o ] o 0 I 0 ] o ] 0 v,
Foz 121, &1, 121, &1, || w2
M_ﬂ ] - LH o i o - LT ] L,3 i o i - F ax!
M 121 &l 121 &I Bz
e 0 -— o - o o0 0 = 0 —= 0 s
-MII' E." Ld L3 L2 Il
STIFFNESS MATRIX [K] _ ] i
1] 0 ] — 0 ] ] 0 ] S S ] 0
201 +vIL a1+ viL
&l ar &l 41
o 0 -— o = 0 o o —= o - o
L L L L
&l ar, &l al
n = 0 o r = 0 -—= 0 o 0o =
L 12 L [ L
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FEM global structural design

AFEMCc Structural system

(-
A~

Cast in situ concrets
strength f

=3
-

h)

T

As resulting from A resulting fro
(a) Stage 1 loading {b) Stage 2 loading

|

\ g

Strains at ultimate

MATHEMATICAL MODEL OF
i o Sranes THE STRUCTURE

fom

0,4 funf--

Elements
geometry

A .
% 1o "ﬁ:'- -
2
o __________)'_____i
o
L R Tt K,
! fw-fn!}i' """ : ;
i a ;
| . :E
o 2 f/ E: ua
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FEM global structural design

AFinite Element Method

A General elements:
A Truss element (1D)
A Beam element (1D)
A Plane element (2D)
A Volumetric elements (3D)

INPUT: Definition of
physical model
geometry, material,
loading and boundary
conditions

R —

LIBRARY OF ELEMEN
generation of
mathematical models fo
structural elements and
applied loadings

J

SOLUTION: constructio
and solution of
mathematical model for
structural system

OUTPUT: Display of
predicted displacementg
and forces

IS:

37



FEM global structural design

AFinite Element Method T et

the slement (N1 N2-2ME21E) e e et Ty g
A Plane elements

Eag ¥-3xis (perpendiciiar piane) the element (N12M2=12)
A 2D elements: slabs, walls
A Depending on their type and complexity
A In-plane tension/compression
A In-plane/out of plane shear
A Outof-plane bending
A In FEM based methods meshing is prerequisite to analysis

ECS y-axis (perpendicular to

ECS ;-axis in the element

.’:'ﬁ-..
_ —— ECS x-axis

. == (N1 in M2 direction)

ECS x-axis =

(N1 to M2 direction) i

W2

38




FEM global structural design

AFinite Element Method

A Plane elements
A 2D elements: slabs, walls
A Depending on their type and complexity:
A In-plane tension/compression

A In-plane/out of plane shear
A Outof-plane bending

Tomue |m.m. Shear,
= e :
—
ﬁ%/ﬁ
—
Topd Eg-;h;".'—"// Momen,
v \&i Shear,

39



FEM global structural design

AFinite Element Method

A Finite element mesh
A Smaller mesh sizes usually provide more accurate
results
A Mesh size depends on the considered problem
AawdzZ S 2F (GKdzyoé 2LIGAYLF T
stability analysis: i
A 2D elements: 2 or 3 x Element thickness R
4 1D elements: Length / 6 (for stability analysis) [ i "
AawdzZ § 2F (Kdzyoé 2LIGAYIE
calculation:
A 2D elements: Equal or less than Element
thickness

40
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Ematerials
Fgeometry
Fsections
Floads

MODEL

FEM global structural design

| ANALYSIS

Fstatic
Estability
Emodal
| Eseismic

4 N\
Eglobal
verifications
Foverall
assessment
| STRUCTURAL
RESPONSE

\_

—

DESIGN

Felement design

Fconnection
design

FULS/SLS
verifications
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JSONl
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FEM global structural design

AFEMCc Precast connections

A Beamcolumn
A Commonly precast beam to column connections
are considered fixed or hinged
A Important to account for:
A Geometry of the connection
A Eccentricity between the axis of the column
and application point (center of bearing pad

RN

Column on bolted
shoe or brackeis

Column in
grouted pocket

| \\

.

Column on

grouted sleeve pad footing

Internal beams to Edge beam to
column head column head
[
f f
Split level
beams to
column faﬂh\
IZI. - Beam to deep ~ Confinuous beam
Mid height column corbel Beam half joint {5 column head
column splice Floor level
Halfjoint  “apl  column
to column arm splice ™= &
[ | | ]
_JT l .-? - A
Beam to Beam to
Beam to shallow column -
column face | | column corbel | | haunch | || | n
( I Il _ _|_ |
== i ' (b) (L™
(3) 1 Beam to
R column splice Continuous beam
to column splice
L
Lo = — =
i 5 (AN T

| Column base plate

Column on bolted L on retaining wall

base plate on

(a) (b) (c) (d)
| % | % I T +
42



FEM global structural design

AFEMc Precast connections
A Beamslab o
AaO2YLRAAUC2YA DA GFELYOSKI OA C— — ——
AaO2YLI2aAlSeE 0SKFE@BA2NI @8ASTEF ) ¢
AayDwyYLR2aAriliSéd o0SKIFIPA2NI 0Sar © ? HzO

A Recommendations:
A Axis of elements should be kept in the centroid of the section
4 Median plane of plate elements should be kept in the middle of

the sectior)
gtarglg‘i;r%si:: concreta
;r;g;ic&ncrete . N \
N N
A o N\ f]r VoA
x| VL ]

< AN

Ay resulting from Az resulting from
(a) Stage 1 loading {b) Stage 2 loading




FEM global structural design

AFEMCc Precast connections

A Wall to wall connections
AGiKS2NBIAOFKT ¢ KAYy3AS Y2RSH
A Rough evaluation of connection stiffness is

recommended
A Eccentricity of internal compression forces (V1) is difficul
to consider in the model

A Slab to wall connections
Aaz2zRStfSR Fa aUKS2NBGAOI f ¢
A Important to account for:

A Geometry of the connection
A Eccentricities

A Shoutl eccentricities be
modeled in global models?

7

i

W2 | hi2

=

(h-50)/2 50

n+; ||
a3

(h-50)/2

44
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FEM global structural design

APrecast slabs
A Focus on specifics of hollow core (HC) slabs

A In-plane behavior models
A Lateral load distribution
A Flexible diaphragm
A Rigid diaphragm

A Out-of-plane behavior
A Gravitational load distribution

A Transverse load distribution according to
EN1168 Annex C

45



FEM global structural design

APrecast slabs
A In-plane behavior analytical models

A Flexible diaphragm

A {fl06Qa auAFTFySaa Aa O2yaARSNMRD

A Distribution of lateral forces is influenced by theplane
stiffness of the slab

A ngld diaphragm
{flo6Qa alAFTFySaa Aa yz20 02y
The slab acts as an infinite stiff horizontal element

Distribution of lateral forces is not influenced by theplane
stiffness of the slab

4 Fundamental assumption of the classical 2D design approact

i
¥

FEM model

a4f 2 FQx;E)Ief

diaphragm

Rigid diaphragm

46



FEM global structural design

APrecast slabs diaphragm models
A Rigid or flexible diaphragm model?

A Eurocode? Diaphragm
A No clear recommendations ﬁ—Hm:mnta; dfsg;acement
HP— H T | R L comour - rieximnie
4 Rigid diaphragm model seems to be universally ) P R s o diaphragm model
suitable 1.7 z, A;
A
A Eurocode8 — Horizontal displacement
. Clear limitations for the rigid diaphragm model T contour - rigid
A e _ g P g ~ diaphragm model
A Rigid diaphragm can be used when m&%o ;’:jgﬁ
difference between horizontal displacements of the framing
two models

Comparison between rigid and flexible diaphragm maximum lateral displacemen

47



FEM global structural design

APrecast slabs rigid diaphragm model

A Distribution of horizontal loading
A Analysis of a mulivall system of bracings

Zero deflection
Original position at shear centre
Deflacted poskion Deflection due d— r-..____ P
v ¥ ¥ v torotaton  — =Lt

. Rotation
= . T S ‘ Wall 1 I :\L
Wall 1 Shear centre Deflected due i ‘*‘ IWaII 2 Wall 3 3
. to translation ;
2 Wall 2 L ]
-t

I Wall 3

- Deflection due

{ l N ‘:- .................. _l_to rotation
-X % X ;
X | fe——_____Centroidal line of
Origin % X - i loading or pressure
] x| } !
2 L\Centroidal line of loading
X } or wind pressure

(a) Definitions & floor deflections due to

: (b) Floor deflections due to rotations
translations

O 00 MO

‘© BOO BOOL

*Kim S. Elliott, Precast Concrete Structures 48



FEM global structural design

APrecast slabs rigid diaphragm model

A Internal forces in the diaphragm connections
A Shear in the longitudinal and transversal directions of the floor units

(a) Simply supported case (b) Hollow core slabs

| / | ++++++&+++++

N | o é— b
Wi
== Y
L++++++++ 10 3| @ W 0)¢-TOU70(0‘
X Horizontal loading = L] " . "
s : Lgo v) ,_, .,
/ M K w¢(p¢ ¢ 0Ta a

Interior and exterior chords Reactions
Shear force diagram

l\ (a) Shear and bending moment diagrams in slab

v (b) Shear in HC connections

Vv
Bending moment diagram
Shear force diagram
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FEM global structural design

APrecast slabs rigid diaphragm model

A Internal forces in the diaphragm connections

A Tie forces
A Bending - deep beam model B/L< 1
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FEM global structural design

APrecast slabg examples
A Floor diaphragm behaviercomparative study

awS3Idzf I NE a0 NHzOU dZNBNNEG 3 dzf | NE 0 NHzO U dzNB
Example 1 | Example 2 o AN

A Design approaches: ———) A Structural output :
A. manual calculation (rigid diaphragm) A shear in wall panels/ distribution of lateral forces
B. FEM analysis (rigid diaphragm) A internal forces in the HC slab connections
C. FEM analysis (flexible diaphragm)
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APrecast slabg examples
A Examplel: regular structure

A Structural system:

A 1 story @m high)

A untopped two bay HEFF120-20slab
A precast concrete beams
A
A

(inverted T500x500-250-400mm)
double hinged columngtQ0x400mm)

T T T T I|||I|I|III|||I|||III|||I|J
i ;

A Load:
A 4 KkN/m linear distributed wind load)

A No vertical edge connectivity between the A B | ¢ D
longitudinal and transversal wall panels!
A Supports arerigidé
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APrecast slabg examples

A Example 1: regular structure

A Structural output comparison: lateral force distribution &
lateral displacementsrigid vs. flexible diaphragm model

Rigid diaphragm model

Lateral displacements

-0.
(a) (b)
Flexible diaphragm model

Rigid diaphragm model

rigid diaphragm (a)

flexible diaphragm (0) +

rigid diaphragm (b)
| |

0 0.01 0.02 0.03 0.04
maximum lateral displacement [mm)]
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APrecast slabg examples
A Example 2: irregular structure

A Structural system:
A 1 story (3m high)
A untopped two bay HB- 12020 slab
A precast concrete beams
(inverted T 600x60350-400mm)
A double hinged columns (400x400mm)
A precast wall panels (200mm)

A Load:
A 4 KN/m linear distributed wind load)

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

A{ dzLILI2Z NI a | NB & NR 3 A R &The structural system is provided as a design example in the
Second Edition of Precast Concrete Structures, by K.S. Elliott
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