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FOREWORD

A key focus of the Construction Industry Transformation Map (ITM) is to champion widespread
adoption of Design for Manufacturing and Assembly (DfMA) technologies.oBngnconstruction
activities from worksites to a controlled factory environment, projects can reap the benefits of higher
productivity and quality.

Advanced Precast Concrete System (APCS) is a key technology under the DfMA continuum. Building on
the experience gained from adopting precast concrete in more than three decades, we are working
closely with the industry to advance precast concrete designs and technologies for higher productivity
and quality.

This guidebook represents a joint collaboratietween BCA and the industry, and serves to provide
guidance on incorporating DfMA principles in the design, fabrication, and installation of APCS. Good
practices on connection design and detailing, efficient automated production, and productive site
installation are provided to practitioners adopting precast concrete systems. The guidebook also
features projects in Singapore adopting precast concrete systems that redsita imet works.

This guidebook is not meant to be a definitive publication on tawnections for APCS must be
designed, fabricated and installed. Practitioners are encouraged to use this guide to innovate and
continually improve the system, so as to achieve higher productivity and quality. To obtain more
comprehensive information andugdance, readers should seek professional advice from designers and
suppliers of such connection systems. We gratefully acknowledge the contributions of key technical
agencies and industry practitioners in the production of this guidebook and trust teanttustry will

find this publication useful. We welcome any contributions from readers to improve subsequent
editions of this guide.

Neo Choon Keong

Deputy Chief Executive Officer
Industry Development
Building and Construction Authority
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INTRODUCTION

Precast Concrete (PC) construction was introduced in Singapore in the early 1980s for the public
housing developments. This construction method was made prominemugir the 1990s with
increasingly advanced design and-site practices, eventually becoming the preferred construction
YSGK2R AYy {Ay3lFLRNBQa O2yaidNHOUA2Y AYyRdzalNEO®

However, apart from embracing a more modular and systematic design in both structural and
architectural works to improve site productivity and cost efficiency, the design techniques used in
structural connection systems in local PC construction have seen little changes since the late 1990s.

The concept of Design for Manufacturing and AssgnibfMA) which emphasises the use of precast
and prefabricated building components have been strongly advocated in the construction industry in
recent years. The underlying principles of DIMA call for more efficient building design and construction
detailing, especially in the area of PC connection designs, so as to minimise the amount of wet works
on-site.

PRECAST CONCRETE CONNECTIONS

This guidebook will focus on the DfMA approach in PC connection designs. To achieve higher site
productivity, the guidebok will focus on the following shift:

IN-SITUWET CONCRETEJOINTS +
LAPPING OF REINFORCEMENT BAR
(REBAR) FOR STRUCTURAL/CONTINU

MECHANICAL
CONNECTIONSSYSTE

The adoption of mechanical connection systems to connect structural components have been
extensively adopted in Europe for sortime andis envisaged to substantially reduce the amount of
in-situ wet joints commonly adopted in local construction sisépresent. This shift could potentially
help to improve the site productivity by an averag8% per annum by 2020.

Advanced Precast Concrete System (APCS) requires major concept modifications in structural
connection design and detailing. It entails théoption of mechanical connection systems to realise

the maximum advantage of DfMA design principles in both offsite precast manufacturing egiie on
assembly worksFigure 1A f f dza G NI 6 Sa GKS @F NAR2dza GeLlSa 27 t/
context.
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In-situ wet
connections
(Conventional)

\

Grouted

PC Connections
sleeves
connections

v

Mechanical

connections

(DfMA

Approach)
LN

Bolted
connections
with grouting

Figurel : Various types of PC connections whighlight of DIMA alternatives

The design approach incorporating DfMA principles in APCS for architectural and structural works will
be shared in the subsequent chapters. The design approaches are based on various case studies of
successfully completed pjects in recent years.

To facilitate the adoption of more efficient PC connection systems, the design and features of
proprietary product$ by various suppliers are also introduced in this guidebook to provide better
understanding. It does not impli@ndorsement of any product.

Apart from sharing the basic fundamentals and considerations in PC connection designs (with
reference to Eurocodes requirements), practical design examples and application considerations of
proprietary connection systems asadso included.

Structural designers can further examine and evaluate the various proprietary connection systems by
aSS1TAY3 &adzllL)X ASNEQ (GSOKYAOFf &adzLJL2 NI | yR 3dzA Rl yC

! The inclusion of proprietary products by specific suppliers in this guide is purely for illustration purpose. This
guide is not an endorsement of these products by BCA nor does BCA give any warranties, explicit or implied,
regarding the availability of #aproducts, information or services, efficacy of the products or services or
warranties of merchantability, fithess for a particular purpose, title orsndfringement. The supplier/user

must ensure that their products are safe for public use and comyly alli relevant regulations and statutory
requirements at all times.
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KEY FEATURES INADVANCED PRECAST
CONCRETE SYSTEM (APCS)

OUTCOME BASED APPROACH

EASE OF ON-SITE ASSEMBLY

IMPROVED SITE
PRODUCTIVITY

gl
no increase in the number of workers/manda
conventional pc construction

CONNECTIONS FOR APC! 3



ACHIEVABLE (BUT NOT LIMITED TO)

B

‘ Less wet joints and cast insitu pour strip between PC components

‘ Minimal or no temporary work / falsework

 —
 —; | —
O—

J)  S— | c—

/_
G

Integrated PC components (e.g.integrated with architectural or
mechanical, electrical and plumbing finishes)

i

‘ Larger PC components that would optimise crane usage

‘ Higher standardisation in structural design and connection detailing

LJCC
LILL]
LICL

‘ Simplified structural design and connection

@@

I]_

Wider adoption of automation in PC manufacturing
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CHAPTER 1

DESIGN BASIS FOR ADVANCED PRECAST
CONCRETE SYSTEM (APCS)
1.1 GENERAL

1.1.1 In developing an APCS, the functional considerations, building aesthetics and design
approaches must first be understood by the various building disciplines, before
conceptualising and commencing design development to meet the project specifications.

1.1.2 The APCS design must be coordinated with the specification for components manufacturing,
construction planning and site work.

APCS -
D E S I G N Speuff'g?tlon Construction

Components
Manufacturing + Planning

+ Site Work

Figurel.l: Key factors for APCS Design
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1.2 THE UNDERLYING DESIGN APPROACH AND
OBJECTIVES

1.2.1 An efficient Precast Concrete (PC) construction design:
I Commences on a modular architectural layout,
1 Adopt high degree of the PC components repetition with optimal standardisation in
connection design,
9 Achieve economy in mass production and
I Ease site assembly work.
1.2.2 Figurel.2 below shows a total design approach in PC components manufacturing and site
work, to achieve high productivity.

Start Finalise

Architecture and Structural Design

Concept Initiation Work Details for Components
+ Proposed Site Construction Method Manufacturing
and Planning

Iterative refinements

!

High emphasis to implement desigmabled simplification of
all downstream work tasks.

Figurel.2 Total design approach in PC components manufacturing andwitek to achieve high productivity

1.2.3 Structural connection design and construction plays an important complementary role in the
PC construction system. It influences the PC construction methodology at the manufacturing
plant and site work. It is also a fac to facilitate higher automation and resources
optimisation in manufacturing and efficient erection of PC components.

1.2.4 Higher productivity can be achieved through design standardisation in component type and
profile design in PC manufacturing, as conaglto traditional PC manufacturing with low
automation in the production handling and dependence on sskilled labour. Hence, the
developments in work details through innovative connection design is effective in maximising
the advantages of automation the manufacturing plant.

CONNECTIONS FOR APC! 3



1.2.5 Manufacturing automation using robotic technology with no manual intervention requires the
following:
1 Work processes to be streamlined to enable the fully automated assembly of
prefabricated components
1 Avoid complex detailingn connection desig(for example in current isitu joint design)
The disadvantages of manual interventions are:
9 Extratime and labour input in the preparatory process
1 Holding up other downstream processes
9 Total automation become ineffective

DESIGN

a) Easier standardation in the connection detailing.

b) Simplification and faster in detailed calculation check process.

c) Faster completion in selection of connection products to satisfy design for
requirement. This can be done through the proprietary syssemppliers
design software in which the designers can carry out quick design

MANUFACTURING

a) Faster preparatory process. For example, the quick fixing of connector
into a standard mould
b) Minimal manual work in customised moulding.

c) Timesaving in atomated production lines.

In contrast, the current isitu connection details are not only complex, it alsc
involves difficult customised moulding work and blkaeks. These also include
the manual fixing of many loose rebars at the connection.

ASSEMBLY

a) Quicker and simpler works at the site through reduction or elimination of
temporary propping, scaffolding, and stability bracing works.

b) Easier grouting work.

c) Faster site erection with an unbraced tall column or wall installation and
unpropped flar construction. In such design, the connectors also functio
as temporary erection seating support and leveller thus saving crane tim
and temporary shoring. Nevertheless, it is important to note that total
system stability at temporary stage must not teglected in all situations.

1.2.6 The potential enhancements and advantages offered in various work processes are strong
reasons for using proprietary mechanical connection systems. The key in APCS design is
applying the appropriate PC connection system

CONNECTIONS FOR APC! 4



1.3 ARCHITECTURAL DESIGN ASPECT

Architectural design is a process to create a built environment with functionality for human comfort
and sustainability through art and engineering designan effective PC construction, the external
facade design is gendiaachieved through optimal standardisation in the following:

Shapes, Forms and
Patterns

a) Base steel mould with fibreeinforced plastic (FRP) moul
rubber mould lining castin tile and granite slab.

b) They can come with an intentional break mon-continuity in
groove line or pattern at the panel connection to avoid the is
of misalignment during erection.

Textures Surface polished, ofbrm, sand blasted, rope and hammere
reconstituted stone, exposed aggregate, revealed, acid etched.
Colours a) Coloured cement or natural aggregates, pigments.

b) There could be inconsistency in colour due to varied b
material supplysourcediocally.

Integration of Features

Elevation design variations created by integrating-addeatures to
a standardlat or simple facade module base panel.

Repetitions in Elements
Profile and Section

Curves and special
characteristics, such as:
a) Limiting types of common radii in curvature

features design with huilt repetitive

b) Simple and consistent recess for panel section standardisatic

These factors help to enable economical mould fabrication
practical precasting and construction.

Modular Design

a) Plan and elevation design using repetitive mbHiy, cluster anc
multi-floor submodular arrangements.

b) It is to create variation with interesting combination anc
standardisation of key dimensions.

Rotational(instead of
mirrored) Modular
Layout Design

a) Repetitive clusters in a floor plan with asymmetric rotatior
preferred instead of the mirrored layout design.

b) The asymmetric rotation method can create more identical
components.

c) Mirrored PC components generally do not support mo
sharing, resulting in higher costs.

Examples of successful applicationghe above design approaches in some Singapore projects are
compiled in the subsequent sections.

CONNECTIONS FOR APC! 5



EXAMPLES OF PRECAST CONCRETE CREATING
ARCHITECTURAL UNIQUENESS IN SINGAPORE
PROJECTS

EXAMPLE 117 USE OF ARCHITURAL FINISHES ON PC
FACADE

e — T SORME

(Imagecourtesy ofRobin Villagg "

s\‘§
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EXAMPLE 2 PROJECTION FEATURES USING ADD-ON
INTEGRATION TO FACADE COMPONENT DESIGN

\"‘&‘\ ‘, ‘

AN\
\ N ¢
\ SN

Trellis and sunshade features are separate-addcomponents integrated to a base standard facade
panel



EXAMPLE 3 PROJECTION FEATURES USING REPEATED
ADD-ON FEATURES MODULE IN ELEVATION DESIGN

(Imagecourtefy (o) _.to-
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EXAMPLE 4 RESIDENTIAL PROJECT USING REPETITIONS IN
PC COMPONENT IN CHALLENGING CURVE PROFILE AND

SECTION

1

T

Standardsation of
curve radii in roof trellis
and balconies to onlg
few types

Adopt common section
profiles to increase in
mould reuse




EXAMPLE 5 1 RESIDENTIAL PROJECT USING
STANDARDISED PC ROOF COMPONENT 3-D PROFILE AND
SECTION APPLYING TO MULTI BLOCKS

L8N

PC curved roof
canopy feature
beams are
economsed with
use of standarded
common radii and
section in varying
length combination

(All imagesabovecourtesyof AdvanTis)
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EXAMPLE 6 INTERESTING MODULAR DESIGN IN ADMORE 7
PROJECT USING REPEATED MULTI-FLOOR MODULES IN

ELEVATION DESIGN

\Is N NIir-wy W

Complex design features whic
are friendly to PC construction

(All imagesabovecourtesyof Shimizu Corporation



EXAMPLE 6 (CONTINUED)
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a) Typical floor layout is not mirred. Instead, it uses the rotation of a common floor
segment arrangement (from the front to the rear) to creagpetition in its curvy design

features.

b) Similarly, the floor elevation modules are repeated after every fourth floor with mirror
and protruding design components to create an interestirig &ffect.
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a) Multi-floor modules in
a 4storey stack in two

main elevations
design.
b) Identical design

features which are
sometimes mirroed.

c) Increased repetition
enables economica
use of PC technology.

(All imagesabovecourtesyof Shimizu Corporatign



EXAMPLE 6 (CONTINUED)

Al

) | TR
N ;ﬁ B i
.|

I s == i
B2 @ m. |

Mo BT

E1 !
T L I R = 3
M " - " Il " I. -
o -----Eﬁ; — f_m'_! T .1,
(Irﬁgecourteéi%himiz_ Cem&gtio}%i_@_{ﬂ:: Ll

3-D forms and curved features ce
also be PC friendly wher
standardsation and modular concep
are inbuilt into design.
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EXAMPLE 6 (CONTINUED)

a)

b)

_—‘:B2

Additional glass fibre reinforced concrete (GRC) small péhnigislighted in green) are
used at locations to help complete the smooth transition between PC components
Small feature elements such as louvres, are also done in GRC instead of PC for f
and overall effective cost reasons.

Limitations in mouldingand handling damages to delicate edge profiles in
components can thus be overcome in such difficult areas.

Note: Small GRC aesh is much more economical as compared to adding complex moul
requirement into the large PC panel

(All imagesabovecourtesy of Shimizu Coopation)



EXAMPLE 717 SUPER TREE STRUCTURES CONSTRUCTION AT
GARDEN BY THE BAY

Super Tree Structures with segment
curved 3D PC components
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(All imagesabovecourtesyof Expand Corporatign



CHECKLIST - GOOD PRACTICE FOR ARCHITECTS TO
ACHIEVE EFFICIENT PRECAST DESIGN

Can the majority of main column gridlines be standardized?

Can the floor layouts be designed using modular arrangements?
Or can systematic clustering of largely similar units be achieved?

Can adebn features to the base fagade design or sobdular arrangements
be used to create interesting elevations?

Can repetition in componeng®rofiles, sections and surface features design
in building components be achieved?

Canshapes, textures or colors be incorporated into PC facade with sufficient
standardsation?

Can the design adopt highly repetitive characteristics? (Especially for curves
and special D features)



1.4 STRUCTURAL DESIGN ASPECT

1.4.1 Structural System and Design

Structural design has a direct impact on the ease of PC manufacturing and site erection works. The
key consideration for structural system design solutions are:

a) The architectural design basic layout arrangement and modeéures should be in a gridline
system, including the construction execution conditions.

b)  Simple structural system contributes to simpler design, work details and quicker construction
with lesser components types and-gite connections.

SUITABLE STRUCTURAL SYSTEM FOR VARIOUS BUILDING
TYPES

Commercial, institutional and industrial buildingiXeJslekssk:lgRe[=[e]g}
(typical usage and loadings)

Highrise residential building Shear or core walls and flat plates

Medium/low -rise building A combination of sheaor core walls anc
beamcolumn system with/without precas
floor system

1.4.2 Structural Model and Element Layout Design Considerations

1.4.2.1 Structural analysis with the correct model assumption is important in establishing:
a) PC components design
b) Panelsation layaut
c) Site connection works details
It may also dictate the construction sequence and methodology of structural frame erection.

CONNECTIONS FOR APC! 17



1.4.2.2 The following are the considerations for a practical PC structural system and design:

a)

b)

d)

Clear identification of key stabilityertical components. For example, shear or core walls
to resist lateral forces, especially for medium / higge buildings.

Correct modelling of connection boundary conditions for structural components. In some
cases, modelling is also carried out wittetintentional release of connection bending
moment to facilitate simple connection design without moment transfer at selected non
critical locations, and yet maintaining adequate overall system stability resistance.

Reduce the requirement of moment coaction at component joints as much as possible.
This can also help in connection design to reduce constraints such as rebar congestion
due to lapping requirement within the PC components or insidsitin wet connection
works. Itis important to note thdtinge joint is generally not to be located at the building
external frame due to the high probability of crack development which can contribute to
water tightness problem.

Suitable division of structural member into PC components and target for high
stardardisation in component types, section dimensions and profiles for ease of
manufacturing and erection handling.

Frame structure having simple floor structural system using long spannirgayslab
and main beam supported directly onto column with indedent stability structural
elements.

1.4.3 Construction Considerations

1.4.3.1 Structural PC component design may sometimes need to consider the temporary loads that
act on the structure during site erection, lifting handling and transportation.

1.4.3.2 The following ar¢he PC design considerations for construction stage:

a)

b)

c)
d)

f)

Size and weight of PC components, and the corresponding available crane capacity at the
site. This is to facilitate ease of delivery and erection lifting.

Sequence of floor and superstructure erectiaamd its associated temporary stage
stability.

Forces acting at PC connection during erection before permanent connection.

Design of selSupporting PC component to minimize or avoid temporary propping,
shoring or bracing of tall vertical or long homtal components at erection.

Construction equipment weight on a partially erected structure.

Other transient forces during erection, such as the operation of special heavy lift jack,
tower crane tieback or mobile crane movement on an incomplete struetur

CONNECTIONS FOR APC! 18



TYPES OF STRUCTURAL SYSTEMS

All semi or full PC structural systems need clear consideration for stability. It may take one of the

following forms:

a) Skeletal frames, i.e. Beam/Column/Slab (braced and unbragcRdjer to Figure 1.3

b) Loadbearingwalls, gable end and party walls with flat plate steRefer to Figure 1.4

c) External facade load bearing walls with precast esiin floor systent, Refer to Figure 1.5

d) Cells or @ Box elements with column/beam framesRefer to Figure 1.6The installation
sequence is illustrated iRigure 1.7.

e) A mixed system of the above

Figure 1.3Skeletal
columnbeam frame
structure without
stability provided by
shear walls/core walls.
This demands full
moment connection
design or cantilevered
columns with fixed
base/foundation

Long spanning muli
storey car parking
structure

IRV ‘ I’
\\’" \"k

WA

Figure 1.41 ateral stability
provided by shear walls or
core walls in lift and stair
areas so as to mininse

moment in columns for A
simple connection design

Core wall for household sheiter,
lift core or staircase shafts can
be used as stability components
transmitting lateral loading from
floor to foundation

Floor acting as a
horizontal dia
transmitting lateral loads
to the core or shear wall

‘TERAL
LOADING

Floor slab supported by o or precast slab, adequate

wall, may also provide connections between floor

lateral restraints to walls. units and to the stabilising
components need to be
catered for.
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Figure 1.5Precast external facade load
bearing large panels with internal core
wall and precast floor construction

Figurel.6: Cells or 3D Box elements with column / beam frames
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(3) PC Wall

(10) Concrete Topping

(6) PC Beam

(1) PC Column

(9) PC Plank
#~ (7) PC Beam

(2) PC Shell Wall
Z~_ (4) PC Niche Wall
(8) PC Beam

(3) PC Shell Wall

Figure 1.7Proposed sequence of erection for RGmponents
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CHECKLIST - GOOD PRACTICE FOR ENGINEERS TO
ACHIEVE EFFICIENT PC SYSTEM DESIGN

L

Can overall building stability be catered for with selected vertical components in
fewer number?

i

Can the number of floor components be mingad by employing longer spanning
design to eliminate secondary beams?

For simple connection design, can most minor column / wall components be
designed with purely axial load without high bending moment transmission at th
base?

Can repetition ircomponent types, profiles and sections be optimally achieved b
high standardsation?

Are the shape, size and weight of components sufficiently friendly for manufactt
handling, transportation and erection?

Can the components design enablepuopped / unbraced erection at site?

Bt )

Is connection design considered for easy fixing during PC manufacturing and fa
assembly at site?




1.5 STRUCTURAL CONNECTIONS DESIGN ASPECT

1.5.1 Approach in Connection Design

Connection in PC construction mig designed to take the forces derived in the structural modelling.

To achieve work efficiency, the design approach should consider the following aspects

Simplicity, standardsation in design and Construction methodology of PEomponents
durability in service during erection at site
Sufficient standardation in connection Ease and speed of components assembly

types, configuration and dimension details
Good hand access for fixing work at the

Ease of suisomponent fixing during connection points

manufacturing
Reduce and avoid wet connect®n

Explore the use of suitable proprietary
connection systems to simplify design
process

Fire resistance

1.5.2 Types of Connection Design

1.5.2.1 Connections in PC construction shall perform the following two key functions:
a) To ensure the final structural performance of the building
b) To provide temporary support during component erection

1.5.2.2 The following are the main types of components connection design. In general, the
construction is via corbel / bracket seating, veenhnection casting with starter rebar, grouted

connector sleeve, plate welding and mechanical bolting (or proprietary system).

a) Horizontal floor structural components
i) Precast slab / Doub{& / minor beam to main framing beam
i) Precasslab / stair flight / nain beam to bearing wall/column

b) Vertical structural components
i) Base connection of wall or column
i)  Golumn to column at splicing connection

c) Cladding element connections in neritical erection
i) External facade to perimeter framing beam
i) Parapetor spandrelwall

Special attention is required to ensure good accessibility at the connection points during
erection. This is to enable quick securing of the PC components and ease of alignment.
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1.5.3 Structural Connection Design Technical Considerations

1.5.3.1 Performancebased design criteria of connection are to accomplish the prerequisite of
strength, ductility, geometry tolerance, durability and fresistance.

1.5.3.2 Connection type can be broadly classified by structural performance into the followings:
a) Compresive connection
b) Tensile connection
c) Shear connection
d) Couplingnoment connection

1.5.3.3 Basic understanding of the followingimportant for engineer to design and develop correct
work details for the PC connection.
a) Internal forces at the connection

b) Stuctural response action in transmitting or distributing them beyond the connection
area

c) Thisis to ensure quality and final satisfactory performance of thedrvice structure.
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CHECKLIST T DESIGN PRECAST CONNECTIONS

SIMPLE CONNECTIONS
a) Can PC bearoonnection design be a simple shear connection without tempo
seating?

b) Can the connections enable quick vertical site installation with a simple vertica
in or bearing / seating?

REPETITION

a) Can vertical and horizontal connectionsdiendardised to just a few types?
b) Is the position / layout of starter rebars or couplers standardised?
c) Can the connection profile dimensions be standardised into limited types?

d) Can the cost of mould be kept low without customisation in side form at ectiom
areas?

FIXING DURING PRODUCTION

a) Are connectors and starter rebars friendly to install and easy to secure intc
moulds without any cutting of slot openings or additional side forms to facilitate v
automation?

REDUCE NUMBER OF PROTRUDING STARTER REBARS

a) Can the number of connecting rebars be standardised in layout configuration a
reduced with the use of larger size rebars to avoid congestion?

b) Can a proprietary connection system be used without using protruding startt
lapping rebars?

c) Can couplers or threaded inserts be used for site bolting or connecting starter r
at connection?

d) Can connection rebars which are laid-gite be minimised in PC components?




PC CONNECTION WORKS ARE DIFFERENT FROM IN-SITU

a) Willthe connection details allow for easy works executiorsin?
b) Is it feasible to omit nominal redundant rebar continuity?

c) Can alesser number of rebar, but with larger size be used so as to avoid congesti
simplify installation work?

EFFECT OF CONNECTION DESIGN ON ERECTION

a) Can the proprietary connection systems be employed to enable quick site erectior
to eliminate wet work?

b) Can minimal falsework and salfipporting (or urpropped) erection be made possible
by suitable usage gfroprietary connection systems?

USE OF NON-CRITICAL EXTERNAL PC CLADDING ERECTION

a) Can external cladding facade be designed for-aitical installation after the
completion of the main building frame to speed up construction?

b) Can mechanicaonnectors be employed to facilitate fast fixing of cladding facade?




ON-SITE CONNECTION WORKS

a) Depending on the size of gap and level of stress, has a suitable connection design
chosen for practical work?

b) Are there too many starter rebars tee inserted into the PC connection sleeves
simultaneously which resulted in slow erection?

c) Can quicker bolting or threaded coupler be used instead of site welding?

d) Can long starter rebars from PC components with lapping rebars laéidehe
replaced wih couplers or to use grouted sleeves for connection?

e) Are there too many starter bars or rebars which are laiesita inside in the
connections causing congestion especially with small connections dimension?

f) Can connection grouting use highly flalule pre-mix grout for quick filing under low
gravity pressure head, to replace the high pressure grouting that requires strong
formwork? (except for proprietary sleeve splice)

g) Canfinal connection work details prevent ingress of water into joint and ensurg lo
term durability?

CONNECTION DESIGN USING THE PROPRIETARY CONNECTOR
SYSTEM

a) Has the joint design and detailing taken care of all the forces and in accordance to
analysis assumption?

b) Are the buildability and requiredonstruction tolerances considered in the design?




SUMMARY OF DESIGN RECOMMENDATION FOR PC
CONSTRUCTION STRUCTURAL CONNECTION

SIMPLICITY

A Easy connection design in structural framing system.
A Adopt an efficient connection system, e.g. connedtom the proprietary system

REPETITION
A Connection design with few types and each involving standardised configurations
dimensions

MINIMISE
A Reduce protruding starter rebars from PC components into connections
A Avoid insitu wetcasting connection
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1.6 OTHER INNOVATIVE CONNECTION DESIGN AND
CASE STUDY

In recent years, builders are also embracing hybrid PC construction as an alternative structural system
to achieve higher productivity. Examples include the adoption of Pré&xasinn and Steel Structures
(PCSS) at Yishun Community Hospital as well as theRata®C column connection system adopted

in Skyline@Orchard (Residential Project) and CapitaGreen (Commercial Project). These methods use
innovative modular component coections at the column and beam joints that simplify installation
works onsite.

m CASE STUDY 11 PRECAST COLUMN AND STEEL
STRUCTURES (PCSS) AT YISHUN COMMUNITY
HOSPITAL

Design Description:

A hybrid PC column and steel structural system was adopted for typical floor construction fqr this

LINE2SOGd Ly (GKA&A KEeoNRR aeadasSysz t/ Oz2f dzyya t
structural frame, while the floor is constructed with concreteer steel decking.

(All imagesabovecourtesyof Kimly-Shimizu Joint Ventuje
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CORRUGATED PIPE
SLEEVES

PCSS HEAD

PC COLUMN
STARTERBARS 1

&——————————8 PC COLUMN

SPLICE SLEEVES
STEEL BEAM

3

PC COLUMN e

Figure 110: PCSS Column Detall Figure 111: PCSS Head Detail
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By utilsing such hybrid system, builders may potentially achieve as high as 25% produgtivity
improvement when compared to conventional castsitu construction. The typical floor cyclé
schedile was reduced to just 9 days for each zone. The gross floor area for each floor was
approximately 3624 and this was divided into four zones at about 96¢er zone.

lllustrations of the floor cyclavork sequence:

Day 1

Setting out and PC columns FA
installation

Day 2

Steel beam and staircase P, !
walls installation

(All imagesabovecourtesyof Kimly-Shimizu Joint Ventuje
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Day 3

Continue steel beam
installation and
commencement of metal
decking floor installation

Day 4 and 5

Continue steel beam and
metal decking floor
installation

Day 6

Metal decking floor
installation

Day 7

Metal decking floor
installation and
commencement of rebar
installation

(All imagesabovecourtesyof Kimly-Shimizuwoint Venture
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Day 8

Continue rebar installation

Day 9

Inspection and concrete
casting

(All imagesabovecourtesyof Kimly-Shimizu Joint Ventuje
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m CASE STUDY 21 LOTUS ROOT PRECAST COLUMN
AND BEAM CONNECTION AT SKYLINE@ORCHARD
BOULEVARD RESIDENTIAL PROJECT

Design Description

The PC column and beam system was adopted for typical floor construction for this project. A PC
column with protruding starter rebars at the top end was used to receive crosspesrdst main
beamwithcash y & LJ A OS O2yySOil2N&R (G2 F2N¥Y GKS o0dzAf RAy3

l

Figure 112 (above): LotusRoot connection installation in progress

Figure 113 (left):
Grouting of beamcolumn
joint of Lotus Root

Mortar
Grout Inlet

(Allimagesabovecourtesyof Kajima Overseas Asia Pte l.td
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Figure 1.14 (left): A
conventional precast
joint  with  in-situ
casting at column
head

Figure1.15 (right): A
Lotus Root precast
joint without in-situ
casting at column
head

Overflow of grouth
to ensure
sufficientgrouting

Mortar

Grout Outlet

connector after completion ofLotus Root precast joint

joint

w220Q

Figure 118: Site erection of d.otus Root precast joint

(All images above courtesy Kajima Overseas Asia Pte Ltd.)



Kajima Overseas Asia Pte Ltd, in collaboration with Kajima Corporation (Japan), precaster, builder and
O2yadzZ Gl yda FR2LIWSR G4KS t NBOlFad /2yONBGS W[ 2idza
residential project. Floor cycle time was reduced fromd&a¥s (if conventional PC constructiomsv

adopted) to 8 days. The general illustration of the activities during ttiay8floor cycle, are appended

as below. The gross floor area for each floor was about 312 m

lllustrations of the floor cycle work segnce:

Day 1

Site preparation¢ survey sebut (after
slab casting)

Quality check and ensure the PC pan 258 :
delivered to site are according to delivel §
order and approved shop drawings

Day 2

PC components (vertical) installation a
grouting works

(All images above courtesy ajima Overseas Asia Pte Ltd.)



Day 3

Safety screen and loading platform jag
up, slab table system form transfer

Day 4

Slab table system form setting out af
formwork installation

Day 5

Perimeter PC beam installation, grouti
works and slab formwork installation

(All imagesabovecourtesyof Kajima Overseas Asia Pte .L.td




Day 6 and 7

Slab reinforcement placing and fixing

Day 8

Slab concreting works

(Al imagesabovecourtesyof Kajima Overseas Asia Pte .L.td




CASE STUDY 31 LOTUS ROOT PRECAST COLUMN
AND BEAM CONNECTION AT CAPITAGREEN

Figurel.19: Erection ofthe Lotus Root system

This system waadopted by Takenaka Corporation in the CapitaGreen commercial project for its mid
to-high level structural system. By adopting the Lotus Root System, the project was able to achigve 6
day floor cycle for each zone. The floor cycle is illustrated as below.

Day 1

PC beam installation

Day 2

Structural steel beam
installation

____________________________________________________________________
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CHAPTER 2

DESIGN OF CONNECTIONS IN PRECAST
CONCRETE SYSTEM

2.1 GENERAL

2.1.1 Design methods for joints in precast construction have been covered by various international
technical journals and published academic research papers. Their recommendations are
mostly derived from the following
a) The load stress path distribution
b) Structural mechanics
¢) Responséehaviour of the connection systems

2.1.2 For proprietary connection systems, the design theory used is often verified by product
principal using dedicated laboratomgsts or research programmes. This is carried out to
assess the failure modes and safe structural capacity in the simulated application of the
mechanical connector devices.

2.1.3 This chapter aims to:

1

¢
>
Q¢
O
o
N

Qx
QX

¢tKSAaS LINAYyOALX Sa I yR A2ya NB YSFIyd F2N
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2.1.4 Some examples using proprietary mechanical connectors are illustrated as follows:

A) CORBEL-CUM-BEAM END JOINT DETAILS USING
CONCEALED MECHANICAL CONNECTORS

Note: Designer shall include provisions to address any possible torsional rotational effect induced at
joint caused by imbalanced or eccentric loads on the beams

)
L ¢ "
n C; " I,
B Al i I
N T,
A . T3 _ A
a) b)
N = Vertical support load T; = Resulting tensile force at the
H =Hornizontal support load bottom of the beam
T; = Resulting tensile force at the T, = Tensile force caused by
front of the beam unit restraint from the column unit
T, = Resulting tensile force at the C) =Resulting compressive struts
rear of the beam unit on each side of the beam unit
C>=Resulting compressive force
in the top of the beam
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B) COLUMN AND WALL CASE CONNECTIONS USING
MECHANICAL STEEL CONNECTORS

L

o T

\ /////////,//Jv \

AOANAN NN NN

VLﬂ VAN N NN m4+h
pans AR R R R BB R SEENS I .
TUT/A VAL YATRRT
AAANMW ANV
A R N S
ANARNANLANAN AN AN
A R N S N
AR R N
R S NN
R N N C SN
AR N
ARAAALLANANANA LAY
ARALLLLNNNNNNANANNNANY
////J%/////////ﬂv////

2Ir7

n = active shoe to transfer shear
1
1
1
1
|
SRR 5,

(here n=2)

n

1

1

|

|
III/I’I‘

M Eq

1

n @=n

-~
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Continuity Reinf.

Anchor Bolt
Wall Shoe
Anchor Bolt

Continuity Reinforcement

g Tensile forces
J Tensile forces
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C) PRECAST WALLS USING WIRE LOOP CONNECTOR

D) STEEL HANGERS IN BEAMS

Singlesided installation
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E) RIGID BEAM-COLUMN CONNECTION

(OPRA Anchoring Coupler
Vertical load

TYYYYYIIIIIIIINNINY

I

BECO Beam shoe

Normal forces acting in connection
(OPRA Anchoring Coupler

Threaded Coupler e.g. MODIX

Precast Column
Top Reinforcement

Non-Shrink Grout

A ERR A

i, o L Structural CIS Topping

Precast Beam

UW'.
|

PC Beam Shoe

PCs Corbel to bear vertical load
(Horizontal load capacity 0.2 x VRd)

2.1.5 Other design considerations in using mechanical connections

As compared to the transfer @bmpression forces, the transfer of tension is inherently effective for
bolted connection. In cases where column shoe connector is used as compression reinforcement, the
bottom leveling nuts for erection and the top locking nuts with appropriate tightewitidbe required

to ensure the effectiveness.

Some connection design may need to consider torsional effect which often occurs during PC
installation due to unbalanced erection loads. Mechanical connectors may be checked as a group
similar to steel boltig design. Connector which acts singly will have limited torsional capacity and can
0S ONRGAOIE G t/ SNBOUA2Yy aidl3Sed 1'a adzOKIX &dzLJLJ
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2.2 STRUCTURAL SYSTEM AND CONNECTION DESIGN
CONCEPT

2.2.1 Basic Considerations

For PC buildings, structural designers are to ensure that global structural continuity is created by joints
and connections between the assembled components. The connections which act as bridging links at
the joint interface of the PC can affect the belwawi structural integrity and robustness of the precast
concrete buildings.

PC joints are regions of high stress concentrations and are the weakest links in the structural system.
The connections of these joints must be able to:

a) Provide resistance to thdesign joint forces

b)  Remain ductile to withstand the joint deformations.

The design of the connections must also be:
a) Simple in fabrication

b)  Easy for erection

c)  Able to carry out final jointing on site

EASIER WORK
SIMPLE
CONNECTION EXECUTION and

DESIGN Concept better in
performance

The material used for the connections must be:

a) Stable and durable for the structure design life

b)  Chemically and physically compatible with the environment

c) Able to offer good protection againsidverse chemical and physical influences and of similar
fire resistance
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2.2.2 Load Paths Descriptions

What are load paths?

What should the
designers check?

What transfers the
vertical loads?

What about transfer of
horizontal loads?

Continuous internal force direction in which each consecutive load
passes through the interconnected PC members

Start from the highespoint of the structure and all the way to the
foundation system

The magnitude, direction and nature of loads (axial, bending, torsior
and sequence that the loads are being transferred from one membe
another are also affected by the hierarchical natofehe structural
members

Vertical and horizontal loads separately
Superimposed the solutions in the development of the structural
system

Floor slab is designed to support the impdggavity loads (selfveight,
finishes, partitions, services, imposed live loads)

The load travels from the floor slab to the immediate beam that
supports it

The beam transmits the slab loads to its end which may connect to
main beam

The main beam trasmits the accumulated loads from the floor slab a
beams to a connecting column/wall.

The load then travels down to column/wall to the foundation that
ultimately distributed into the ground.

It may not be s@bvious as the load path/load transfer for vertical loa
Wind, notional and earthquake loads act in a horizontal direction an
are transferred through the floor diaphragms. It is an essential part (
the stabilising system.
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Figure 2.1 below illustrates the transfer of vertical and horizontal loads in a structure.

Slab Span,
Cross Walls

il

"7

B
[ ’
s 7 ‘§ -
m | = Action
— Reaction
\< ~> Span Direction

Internal Forces

LS
My {g
v UE 8
E
Op Stresses

Stresses

Slab Span,
Combined
Walls Systems

Figure 2.1:Load Paths and Transfer of Horizontal and Vertical Loads

PC floors or roofs have considerable in plane stiffness once the PC members are connected. They are
normally considered as being rigid diaphragm in design as shown iRighes 2.2. The transfer of
horizontal loads through the floor sub systems is shawrigure 2.3.

Lateral Loading

Beam to
Column Joints
Pinned or Fixed | l

W/ ~

\ O R T A O T O T T B A
: j S A DS ) S P T T 1 T I T
Floor Acting as \ \ Ikl ¢ ‘1 f Dol Ly
Horizontal \\\ \ YNMINY /S, b B S
Diaphragm h & 3 N  / //, \\\
\\l\ \3:/1::‘"65r 143 &"’" . \
] | ] Floor Units
| | -
ot T R e o e T T
Plan View

Figure 2.2: Floor Diaphragm Action for Transfer of Horizontal Loads
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Maximum Shear
between Component
and Support Edges

Maximum
Longitudinal Shear
between Component

Figure 2.3: Transfer of Horizontal Loads in Floor Sub Systems

The stabilising elements of precast buildings may comprise of the followAiigee .4 10 2.6):
Rigidmoment frame of columns and beams (unbraced frames)

b)

Cantilever columns or walls

Shear walls

Lift and/or staircase cores

Cross bracings of strategic column and beam frames
Or a combination of the above
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i

777

Moment Resisting Base

Pinned Base
(b) Continuous Frames
Figure 2.4: Unbraced Frames

Shear
Wall
Figure 2.5: Braced Frame

Figure 2.6: Shear Wall
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2.2.3 Accidental Loads

A poorly designed and detailed PC building is susceptible to structural instability and possibly major
collapse when subjected to accidental loads.

What are accidental = These ardoads which are not considered in the design. For example

loads? explosion, collision impacts by vehicles or failing objects, local
overloading, intense localised fire, errors in design or construction,
unexpected localised foundation settlements and slight le@reémor.

Why is it important to = This is to ensure that the entire structure will not be jeopardised by 1
know? chain reaction progressive failure as a result of localised damage to
small portion of the structure.

How to prevent a) Design and remove every conceivable hazard expected to
progressive collag happen during the service life of the structure.

b) Itis not realistic to expect structural designers to have
foreknowledge and to design the structure against the
accidental loadings arising fromese hazards.

c) It should be guarded by strengthening or erecting barriers to
protect vulnerable columns and walls against high probability
vehicular impact.

What is the common By providing reirdrcement as structural ties.
method to enhance the The structural ties are placed in the building structure in the followin
structural stability and = manners:
robustness? a) Vertical direction from foundation to roof

b) Horizontally across and around each floor

c) All external and perimeter load bearing columns and waaiks

required to be anchored into the floors and beams.
These are shown iRigure 2.7.

Reinforcement provided in the columns, walls, beams and floors cal
form part of or whole of these ties as the ties are intended as a
minimum and not as additional reinfeement to that required by
design and analysis.

If a building is divided by expansion joints into separate independen
sections, each section is to have an independent typing system.

What is the reference SS EN 1992-2: 2008 clause 9.10.

for design approaches Singapore Annex NA to SS EN 18222008 (to be referred as EC2 an
and provisions of Singapore NA subsequently).

structural ties to

prevent progressive Clause NA.4.ix Singapore NA states that the provisions of EC2 are
collapse for buildings = sufficient in some respects. Structural designers should further refel
which are not designec the details and design approaches stated in the-gontradictory

to withstand accidental complementary information in PD6687.

loads?
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Column Peripheral Tie

Vertical Tie

~L1

Vertical Tie

Figure 2.7:Structural Ties

Vertical Tie

Peripheral Tie

Column or Internal Tie
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2.2.4 Design of Ties

The ties designed for the prevention of progressive collapse should be provided and detailed in PC
structure. It is either wholly within the igitu concrete topping or at connections of PC members. Also,
mecharical connectors should be used in narrow PC joints where normal lapping of reinforcement is
not feasible.

From EC2 and the decisions in Singapore NA, the designs of horizontal and vertical ties are as follows:

1. Horizontal Ties
The basic tie force;,Fon each floor or roof should be the lesser of:

R =60 kN or (20 + 4 x number of storeys) in kN
Horizontal ties should be provided at every floor regardless the height of a building in the fo

(a) peripheral (b) internal and (c) column and wialst The resistance of the ties is stressed to
OKI N OGSNRAGAO &idNBy3iK=Afdr&eibfordeménS NR | £ LI

a) Peripheral Ties

Design tie force =.HPeripheral ties should be located within 1.2m from the edge of a buildin
within the perimeter walls and beams. Structures with internal edges such as atrium, cour
L- or U-shaped floor layout should have the peripheral tiketailed as shown in Fig 2.8. Ties shol
be anchored straight inwards on both sides at thesrgrant corner of the perimeter.

Tie: v " |
L : )
Ties I

Figure 2.8Peripheral Ties
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b) Internal Ties
Internal ties force should be the greater of (in kN/m)

R or [(g+ q)/7.5] (5) (R)

Where,

R is the basic tie force

(k+ Q) is the sum of the average permanent and variable floor loads
(in KN/n¥)

Iy is the greater distance between centres of vertical load bearing
elements in the direction of the tidseing considered

The ties are to be placed in orthogonal directions and may be spaced evenly across the f
grouped within beams or walls as convenient with a maximum spacing ef 1.5l

c) Column and Wall Ties

Edge or perimeter column and wall should be tied horizontally to the floor structure at each
and roof. The horizontal tie force for the column and wall {frand ke tac respectively) sbuld be
the greater of:

2R XX J2.9)F or
3% of the total design ultimate vertical load carried by the column or wall at that level

Where,

column tie force fzcor in kKN

wall tie force ke fac in KN/m
Isthe floor to ceiling height  in metre
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2. Vertical Ties

Each load bearing column and wall should be tied continuously from foundation to roc
buildings of 5 storeys or more. The design vertical tie force, considered as tension force, it
to the maximum design ultimate load carriég the column or wall from any one storey or tt
roof. The ultimate vertical load is computed from expression 6.11b under clause 6.4.3.3 of
1990:2002 EurocodeBasis of structural design. The variable live load should be the realis
quastpermanent loading with appropriate ;factor for the building.

The purpose of the vertical ties in wall and column is to:
1 Contribute and form part of a bridging system to span over damaged floor area
9 Limit the collapse of a floor in case of accidental logh®tolumn or wall below

When effective vertical tie requirements are not complied or the horizontal ties on every flool
NRE2F R2 y20 KI @S adzZFFTAOASYd ' yOK2NI IS Ay
may need to be carried out.

Such an analysis includes:

a) Key Elements
Gb 28 Y 2 @I 6 f S étheSdlugesiSwiichavould cause the collapse of more than a limi

portion of the structure close to the failed element.

All other structural components and their connections that aitalvo the stability of the key
elements are also considered as key elements.

To ensure nosfemovability of the elements, the element and its connections are designed t
able to withstand an ultimate design load or pressure of 34 kiNipplied from ai direction to
the projected area of the member.

Key elements should be avoided as much as possible by revising the building layout witt
architectural constraints.

b) Alternative Load Paths
In this analysis, the vertical load bearing element other than key elements is removed on
time at each floor.

The loads carried by the failed vertical element are transferred via catenary action in altert
load paths to other load bearing members.
The loads carried by the failed vertical element should be computed as described previous|
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Continuity of Ties

Continuity of tie reinforcement can be achieved by the following:

a)
b)
c)

Lapping in PC componenising enclosing links may be adopted as shown in Fig 2.9.
Welding
Mechanical devices such as couplers and anchors

Tie (A) Tension Anchorage
Length of Tie
|
T \ - - -
—  te—
Enclosing Links - — Enclosing Links
AT NSNS =
LA s

Concrete In-fill | Tie Tie
i,

00¥O0.00L

Reinforcement in PC Component

(a) Bars in PC Component Lapped with Bars in In-situ Concrete

Tie (A)

Tie (AJ)

Minimum Link Area
Over Tension Anchorage of Tie, Asy = _T __
W

(b) Anchorage by Enclosing Links

Figure 2.9Tie Continuity by Lapping and Enclosing Links
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Anchorage of Ties

Internal floor ties are to be anchored to tiperipheral ties as shown in Fig 2.10.

Beam Reinforcement Tie
r=30 Tie Used As Peripheral Tie

WA [ /
e R L !

X :
: Beam Reinforcement
Peripheral : :
. . A Tieerlgarera . . Tie .. \ Used As Peripheral Tie
(a) Tie at Bottom of Slab (b) Tie at Top of Slab

Figure 2.10Anchorage of Ties at Peripheral Ties

Figure 2.11illustrates the floor tie backs of corner column in both directions. The tie backs can be part
of the main reinforcement in the perimeter beams that have been framed into the column.

Because of compatibility between B and D regions, primary desighe ofémber must be performed
first before using STM in the design of the D regions.

Tie

Tie Tie

Beams :

or Slab :
A | W W—t

Elevation Plan

Figure 2.11Tie Backs for Edge Columns

Continuity and anchorage of tie reinforcement insitu construction seldom poses any serious
problems. Likewise, PC constractipresents a more serious problem as continuity of the ties is to be
maintained across the joint connection especially in simple and easily constructed joint. In usual
circumstances, ties should not be lapped in narrow joints between PC components ahdnival

anchorage should be used in these cases.
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JOINT AND CONNECTION

The performance and behaviour of PC connections depend on the interaction of several components
at the joint. The various joint components as illustrated in Bigure 2.12consist of:

a) Joint opening or gap between adjacent precast members
b) Joint filler
c) Connecting element across the joint opening and
d) Connection zones
joint

connection
zone

connection
zone

connection
zone

Figure 2.12: Components of Structural Connection
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What is the size of joint

Size of joint opening determined by the following:

opening? a) Type of connection.
b) Tolerance studies of PC components manufacturing, erectio
method and working accessibility of connection.
c) Aesthetic, fire and water tightness.
What fills up the joint| a) Grout, mortar ancconcrete.
opening? b) & W2 A Y g varoisftypeSoNsbft and hard bearing pads.
C) Nona G NHzO i dzNJ f siliGoBe2 golyuilethand, fubbSrNE

strips, foams, rock wools, resins or mastic.

What is the difference
between joint and
connection?

Joint is subjected thigh concentration of forces when loaded.
Connection is an integral part of the structural behaviour of
connected members. It is an essential part in the connection
design so that the forces originated at the joint can be safely
transferred in the conne@n zones to the principle structural
members

What are connection
zones?

a)

Connection zones are joint surfaces which are influenced by
type of joint filling works and the force transfer ability across
joint.

What are the
connecting elements
that transfer the forces

across the joint?

a)
b)

Tie bars, anchors, coupling devices, bolts or welded steel ple
These are anchored in the connection zones found at the en
regions where the PC components meet.
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2.3 STRUT AND TIE MODELLING AT CONNECTION

2.3.1 B and D Regions

The RC member can be classified into two distinct regions, which are namely the B and D regions as

shown inFigure 2.13.

D B D 2] D D
=
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Figure 2.13: B and D Regions in Structural Member

B-regions

atlFNIia 2F GKS adNHzOGdzNBE 6KSNB (KS
LX IyS I FGSNIOoSYRAYyaIAXE | LILX ASaod

b) Such a hypothesis allows for the flexural design of RC member, incl
ultimate flexural capacity, in the-Egion to be based on linear straianation
over the depth of the member.

D-regions

Regions outside the-BRBE3A 2y a GKSNB (KS
2N aRA&AO0O2yGAYydzZSRé RdzS G2V
a) Presence of concentrated forces (loads and reactions)
b) An abrupt change in the member geomesych as crossection, presence o
openings, bends, corners or other discontinuities.

dzy A T 2 NI

FASR 2y {Go

+ SN EKEQE 20NE OSRE STHRONB OF dza SR
will dissipate or smooth out within regions that are sufficientlg | &

FTNRY (KS (201 (A2

the transition of a plane section stress field in the B regions to a local stress field in the D regions could
occur in a span of about 1.0 times the depth of the member on either side of the point of concentrated

force or member geometry changes as illustrate#igare 2.14.

Figure 2.14 also shows the imposed loads and boundary forces which must be in equilibrium in the

Strut and Tie Modelling (STM modelling).
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Figure 2.14:Boundary and Boundary Forces inrBgion

Designs of Begions, which may be inaccurate, are conventionally based on:

a)
b)
c)

Rules of thumb
Designer experience
Empirical code provisions or guidelines

The Strut and Tie Modelling (STM) would be the appropriate design for D region.

STM is a ufied approach that considers all load effects of moment, shear, compression and tension
simultaneously. It is one of the most useful methods in the design of:

a)
b)
C)
d)
e)

f)

Deep beams

Beamcolumn joints

Supporting brackets

Corbels

Beam haHoints

Anchorage zones of poensioned members and pile caps
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2.3.2 The STM Model

STM is a conceptual framework, as showFRigure 2.15.

The stress distribution in the D region at the ultimate limit state are idealised as an analogous truss
system and comprises the following:

a) Uniaxial compression struts, and
b) Tension tie elements with transfer of the forces between struts and ties at intersecting zones
or nodes

In a real physical truss, the truss mechanism in STM model must be stable and in balance with external
applied loadsThe imposed load is then carried through the region to the supports.

P
— Bottle-shaped
struls
| —————any

Nodalzone —

i

SN
N
. \ . -V
— Tie —— ldealised
prismatic
slruls R>

Figure 2.15: Description of Strut and Tie Model

The components of STM model consists of (a) Ties, (b) Struts and (c) Nodes.

a) Ties I Tension elements which include links, longitudiregihforcements, prestressing
steel or both, plus a portion of the surrounding concrete concentric with the
of the tie.

9 The surrounding concrete is not considered in resisting axial tension forces
though it reduces the tie elongation by tensistiffening effect, especially undg
service load.
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b) Struts

= =

Compression chords which represent the resultants of the concrete compre
fields.
These serve as the compression chord of a truss mechanism to resist mome|
as diagonal struts to transfer shear to the supports.

Orientated parallel to the direction of initial cracking of the concrete.

May be reinforced by reinforcing steel to inese their compression capacity.

v .
0.
’7
f.

ion £ o f
}/‘/ 5 95 »
s . 4

e
e Ve =

/.. 7 &
o 7
fc//’j(, f /2;

c

(a) (b) (c)

Figure 2.16. Basic Type of Struts in a2 Member: (a) Prismatic, (b) Bottishaped, (c) Fan
shaped

T

G. 2&KE §ISRe  { G NIz
The typical shape formed when large surrounding concrete allows the stry
spread laterally at mid length. It may be idealised as an equivalent truss for a
appreciation of the flow of forces.

The spreading and expansion of this strut produassion stresses which mg
require transverse reinforcement as shown in the more elaborated strut mod
EC2 as shown Figure 2.17.

For practical design purposes, the strut is often assumed to be prismatic
constant width along the length.

h=H2

Continuity region

@ Discontinuity region

bs=05H +0,65a;,a<h

bef= b

a) Partial discontinuity b) Full discontinuity

Figure 2.17:Bottled-shaped Strut Model in EC2
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It is likely to occur in deep beam where an array of struts with varying inclin
meet at or radiate from a single node. The flow of forces in this type of strut

be reduced to aimple truss system, as shown in thigure 2.18

EEEEERTEEE EEE

Figure 2.18:Fanshaped Strut Model

c) Nodes

9 As analogous to joints in a truss, are localised zones where the axes of the
ties and concentrated forces intersect as well as forces are transferred bet
struts and ties.

1 Nodes essentially define the zones in which the forces in the strutsiesmdre to
be anchored.

1 They can be classified by the type of forces being connected as shdvigura
2.19where CandT are thecompression andensile forces respectively.

CCC Node CCT Node CTT Node

Fig. 2.19Basic Node Types
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2.3.3 Design Strengths

A. Design of Ties

The ultimate tie capacity is given as:

¢ sBg I fya=fuk &

where As is the area of reinforcement
fyx the ultimate strength of reinforcement and
1s material safety factor for reinforcement (= 1.15)

For the tieforce to be effective, the reinforcement must be adequately anchored in the node by
providing sufficient development length from the point beyond the extended nodal zone.

B. Design of Struts

The ultimate compression capacity of a concrete strut should liellasv:

Fc >K c ‘! Rd,max

% KSNB ramaxis the design strength of the concrete strut

" rd,max IS given irECZor the following two conditions:

i.  Under Transverse Compressive Stress/No Transverse:Stress

* + I' * O-Rd,ma:

ORd,max =fe

ii.  Transversdension/Cracked Compression Zone
) Rd,maxl-I n qECC A Q T

where A Q  =1¢fu/250
fcd IJ ccﬁckK d
' n oplcn dALSB) !

é .‘ A ‘ O Rd,max
I _>:III:—I: ]

Yvevy
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C. Design of Nodal Zones
The ultimate compressive strength of a nodal zone can be taken as:

i) CCC node " Rdmax
FEcd:S

kA Q F
0.567(X; f/250) fix

where k= 1.0,
A Q cFu/250
fcd= 0.567E[k

FEcd,UT ‘ ?FEcdjr

FEcd.1 = FEcd.1r + FEod:‘h'
a

II) CCT node ’ Rd,max = kA @ F

= 0.482 (X fod/250) fox
=
where k;= 0.85,
A QqfeM250,
fea = 0.567§

So

=25,

|||) CTT node : Rdmax = & N Qj -'F

where ks= 0.75,
Feua1 A Q CIfC;JZFM)
fcdz 0.567&(

9/ H | frafna?tddbe increaseq
by up to 10% for confined nodes
where all the angles betwee
aliNdvzia FyR GAS3
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2.3.4 Design Procedure

The primary designs will determine the following:

a) Boundary forces of the D region

b) Selection and maintaining continuity of the primaginforcing steel from the B region into
and anchored within the D region

Step 1- Define the D region concrete dimensions and calculate the ultinr
design boundary forces from imposed loads

Step 2- Choose the basic internal supporting truss model and sketch to fit wi
the concrete dimension

The following guidelines may be adopted when choosing a suitable internal supporting
model.

a) The supporting truss model should determinated.

b) Boundary forces and section equivalent forces are applied at the nodes of the trus
supporting truss must be in equilibrium with these forces as shown in Fig. 2.20.

c) Tension in concrete is neglected.

d) Strut and tie forces are waixial.

e) Stuts are orientated parallel to the expected axis of cracking. They must not overlap
struts.

f) Ties may cross struts or other ties.

0SG6SSY I aidNM¥zt FyR F GAS UKIF G

Figure 2.20:Equilibrium in Boundary Forces and Section Equivalent Force in Internal Supporting 1
System
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Step 3¢ Establish the truss geometry

The initial truss geometry may be set by geometric parameters such as bearing plate dimel
centroids of struts and tie reinforcing steel layers that continue from the B into D regions.

It is for this reason that the analysis and design of the Boregiust precede the STM design
the D region as mentioned earlier.

Only after the initial truss system is established, the forces in the struts, ties and nodes ca
be calculated.

Steps to be taken after calculating the strut and tie forces arfelasw.

a)

b)

c)

Determine the required area of tie reinforcing steel, select suitable bar sizes, bar sg
and layer of steel (in high steel content tie) in each of the ties. Establish the tie la
dimensions and the resultant tie centroids.

Determine thegeometry i.e. width and depth of the struts and nodes so that the st
forces can be converted into compressive stresses. This should be followed by ch
against the limiting stresses imposed from the code.

It should be noted that for CCT and CTdlew the length of the node needs to include tl
full development anchorage development length of the ties.

In cases where it is not possible, mechanical anchorage as alternative to straight or h
bar should always be considered.

Fit the ties, nodesnd struts geometry into the concrete dimensions with the result:
strut and tie centroids that coincide with the initial assumed in the basic truss geome

If the ties nodes and struts cannot fit into the concrete member dimensions, the truss mogél
be redrawn to allow the ties, struts and nodes to fit and the forces in the modedlcilated.

Steps (a) to (c) above are repeated until all the truss components meet the allowable stress
and fit within the concrete dimensions.
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2.4 CONNECTION DESIGN EXAMPLES

The designs of structural connections for easy manufacturing and site assembly are illustrated in
subsequent sections.

The jointing methods shown in the examples are selected from the usual practice in the industry. The
mainpurpose is to demonstrate the principles and considerations that are involved in the design of a
structural connection between various types of PC components.

Alternative designs by specialist with proprietary products are presented at the end ofdunalivi
design examples. This is a comparison with the current industry practice. The specialist design
alternatives are illustrated in a summary format, and the designer may approach the specialist for
detail calculations, if necessary.

It should be notedhat:
a) The use of links or looped reinforcement in vertical joints between PC walls is not considered
friendly to the manufacturing and site assembly. But it is included as a comparison to the

alternative recessed wire loops method.

b) There are equivalent emector products, available locally, to those shown in the specialist
design alternatives.

s\,
N The inclusion of a particular product as example does not imply any favol
\\ the superiority of them, but purely comparative illustration
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DESIGN EXAMPLE 1
Beam Half Joint

Design Principles

Design the beam half joint shown in the figure below for:
9 Ultimate vertical reaction N = 500 kN

Horizontal force of H = 100 kN

Design concrete class C40/50

fyc=500 N/mnd for reinforcement bars

1
1
1
9 Concrete cover = 35mm to links

100x100x15 thk angle

4 1

__ with welded bar 400

| H=100 kN - -
A—FE_

N=500 kN T

400

60

300

150

—

@
N

;—]EL e e o @
_ : ’

z

700

Check the Bearing Stress

b2RS (&L FT2NJ G6KS o6SINAy3a Aa
k' n @y pfa/250, 4= 0.567

| | rén@= koA Ga AHeY  O2 Y LIN

0.85 x (10 40/250) x 0.567 x 40
16.19 N/mm?

U Rd,max

Design bearing stress= 500 x 10%(100 x 350)
= 14.28 N/mm? < 16.19 N/mm? (OK)
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Strut and Tie Model

198.2
®
M
RESULTANT A | ®
G : e ———— S ——(2 3
- ( TN /
o 7
| & ;;\\ i N\ y
. VA S LIV
0 : /\D o
H=100 kN T / 0 Ct "
N=500 kN {é’ Ty ®
| \ | BT g
.
@ (F A @
89
5100 200 | 400  fhogd
700

The tension ties, compressive struts and the nodes of an analogous strut and tie truss for the beam
half joint are shown in the figure above.

The Dregion is assumed to be omeember depth plus the overlapping D region of the half joint i.e.
150 + 700 850 mm as shown.

¢tKS 2FFasSdid FTNRY GKS NBadz dFyd NBFOGA2Y |G GKS f

0 = 50 x 100/500
=10 mm

The forces at the right end at section X are moment, axial tension force and shear force.

Shear force N 500 kN
Moment M 500 x 0.8 + 100 x 0.05 = 405 kNm

Axial tension H =100 kN
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The tension and compression forces in the truss at section X are:

G = N/(sin45)
= 707.1 kN
About point K C = [405 0 C; (cos45) x 0.1- 100 x 0.575/21/0.575
= 567.4 kN
T = Ci1(cos45) + G + H
=500 +567.4 + 100
=1167.4 kN
Angles of inclination a =tan*[ 290/ (U + 100 + 2¢
= 43.09°
A = tan (575/400)
= 55.18°
E = tan *(290/198.2)
= 55.64°
Strut Forceg+ tension; compression)
Member | AB BD BE DE EG CD FH
Force(kN) -731.9 -556.6 -220.0 -609.1 -567.4 -1168.8 | -707.1
Tie Forces
Member | AD BC CF EF FK
Force(kN) | 634.5 959.5 667.4 500.0 1167.4
Design of Ties
Required steel bar: Tie force/(0.87 x)
Member AD BC CF EF FK
Force(kN) | 634.5 959.5 667.4 500.0 1167.4
As (mnf) | 1459 2206 1534 1149 2684
Provide 3H25 6H16 4 H25 3H16 6H25
Remarks | Welded Close links @ Welded to 130| Close link§ To be checked
toangle |60c/c x 25 thick plate] @100 c/c against mid spar
required steel area
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Design of Struts

The maximum design stress in the struts without transverse tension is as follows:

£a
0.56 74 64l n dy7pls) 1
22.68 N/mrA

Rd,max

Upon inspection, nodes A, B, D and E are CCT and while nodes C agd F.arBe maximum design
stress at the nodal zone edges is as follows:

CCT (nodes A, B, D, E) " ramax = 0.85 X (X/250) X £g
= 16.19 N/mrh
CTT (nodes C, F) " ramax = 0.75 X (F/250) X

14.29 N/mrh

[ S &sQuine conservatively that the maximum design stress in the struts is as follows:

Struts AB, BD, BE, DE, EG " ramax = 16.19 N/mrh

Struts CD, FH " Rdmax = 14.29 N/mrh

Strut Section

Strut width = 400 mm
Strut thickness (mm)

Member AB BD BE DE EG CD FH
Force -731.9 -556.6 -220.0 -609.1 -567.4 -1168.8 | -707.1
U R max 16.19 14.29

Strut 113.0 85.9 34.0 94.1 87.6 204.5 123.7
thickness
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Check Nodal Zones

The required minimum thickness of the nodal zone edge for nodes A to F is similar to the respective
strut thickness above.

Upon inspection, the critical nodal zones are nodes A, B and F.

Referring to the figures below, the available nodal zone edgmieiss is:

— 316 —
| ]
' bon g o |
T
// N | ,,< \\\\
Node edge thickness A i D
§ Va ‘ h S 94‘“_\\
a=+2x100 g v
IRy
=141.4 mm
Node B
Tt t 1
/// /9
/// { //
/< ///
,,,,,, 1 \\/g:,,
‘216’
Node F
Strut AB node A 2 = Jic x 100
= 141 mm >113.0 mm (OK)
node B a = 316 (sin43.09
= 215.8 mm >113.0 mm (OK)
Strut FH node F a = 216 (sind%y
= 152.7 mm >123.7mm (OK)
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Final Reinforcement Details

All reinforcement must be fully anchored beyond the nodes.

To improve crack control and ductility, you will need to provide a minimum reinforcement of, 0.5A
which is uniformly distributed at the half joint parallel to thettmon tie reinforcement.

0.5 x 1459
730 mm (Use 3 x H13 loops at 75 c/c)

Minimum A

550 tension anchorage
SH13 op  6eH16 dlose lnks @80cle [ lpoas
| With 400 leg lengtf] 3xH16 close links @100clc
2xH13 cottering bars I e e —f—t q N
o | mininlninis links
B — | s | s s | s | s |
B | = SIS [ | ——4xH25 welded to steel angle
~ ! o o o | [ — = N
B ]
~+ | tension lapped length
100x100x15 thi angle—" ) / ) preciens
T ATBHMHEEHA —— g
130x25 thick plate— f% \

\ bottom bars ( min 6H25)

150 | 5@60cfc [150 | |
50 2@100c/c
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DESIGN EXA.MPLE 1 Specialist Design
Beam Half Joint Alternative

Beam Half Joim Selecting PC Beam Shoe (to be used with PCs Corbel)

The load transfer mechanism of PC Beam Shoe under vertical and horizontal loading is shown in the
figure below.

PC Beam Shoes are giesigned so that all components of the system have sufficiesistance
against actions caused by external loads.

These design values of resistances are shown in the table below.

Design:
Vertical shear force in connection: Veg= 500 kN
Horizontal tensile force in connectionHsq= 100 kN

Select beam shoeonnector:

Beam shoe PC &H
Shear resistance Vra=520 kN
Tensile resistance Hrg=104 kN
Ved< Wrd A 500 kN < 520 kN
Heda< Hka A 100 kN < 104 kN
Load Notations Units PCs2 PCs3 PCsS P(s7 PCs 10 PCs 15
“l;t'a';al Vi kN 230 355 520 710 960 1500
"”lE:;tal Hey kN 46 71 104 162 192 300
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The following subjects must be verified from the technical manual of PC Beam Shoe:

a) Minimum required cross section of the beam
b) Positioning of the beam shoe in the beam

c) Required supplementary reinforcement

d) Other relevant instructions
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DESIGN EXAMPLE 2
RC Corbel Design Principles

Design a reinforced concrete corbel, as showrsupport:

I Vertical load N =500 kN
I Ultimate horizontal force N = 100 kN
9 The corbel is framed flushed with 450x450 RC column
9 Design concrete class C40/50
1 fyw=500 N/mm2 for reinforcement bars
9 Concrete cover = 35mm to links
450 250 450
| 1 ﬁ
/ 125
—s00lkn (71OOW|debear|ng pad 350
| H=100 kN
+ [ s )
o
o
[aV]
o
o
N
—\/\;,
SECTION FRONT ELEVATION

Check Bearing Stress

b2RS G&LIS F2NJ GKS 6SIENAY3I A& [/ Crthatkn) YFIOERA Y dzYp KG:
kI' n ®y pfa/25@ QuF ML5674

" rdmax = 0.85 x (% 40/250) x 0.567 x 40
= 16.19 N/mr
Design bearing stress =500 x 18(100 x 350)

= 14.28 N/mmd < 16.19 N/mrA  (OK)
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Strut and Tie Model

385

~ ‘ N®

50

350 4

Nb:
by \‘/* Resultant

N
\

)
X

ot

The tension ties, compressive struts and the nodes of an analogous strut and tie truss for the corbel
are shown in the figure above.

Tension ties are shown as solid lines @odnpression strut forces as dashed lines. The forces are
assumed acting at the centre line of the ties and struts.

The offset from the resultant reaction at t he | €
V] = 50 x 100/500
=10 mm

The external forces aection X are determined as follows:

Moment about node C
C x (38m:) =500 x (385 + 125 + 10) + 100 x (¢60)
=295 x 19
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’ Rd,max = 16.19 N/mm

Compression force, C = " RdmaxX 2a X 450
" RamaxX 2a X 450 x (38®) x 1 = 295 x 18
ax(385a)=(295x 1/ (2 x 16.19 x 450 x £p
a’-385a + 20.245 x 6 0

Solving the equation, a =62.8 mm
Angles of inclination, h =tan?(350/197.8)
= 60.53
i =tan?(350/322.2)
= 47.37

(Note: ¢ KS y3tsS 2F AyOftAylidAz2y FT2NJ 6§KS a i NHz
i.e. 4% X * 0 ECR Annexyl.3)

Srut Forces(+ tension; compression)

Member AD BD Compression C
Force (kN) -574.3 -564.8 -915.1

Design of Ties

Required steel bars Tension force/(0.87 xif

Member AB BC CD

Force (kN) +382.5 +415.5 +100.0

As (mn) 879 955 230

Provide 5H16 5H16 2H10 (4 legs)
Remarks - Continued from AB ties | Bundled links
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Design of Struts

The maximum design stress in the struts without transverse tension:

’ Rd,max = foa

= 0.567&(
= 22.68 N/mm

oar

ney=ldb) d

Upon inspection, nodes A, D are CCT and nodes B is CTT.

The maximum design stress at the nodal zone edges:

CCT nodes A, D

" Rdmax = 0.85 X (c/250) X tq

=16.19 N/mm

YI EAYdzY

CTT node B " rdmax = 0.75 X (c/250) X tq
=14.29 N/mm
[ SGQa adadzyS O2yaSNBI GA@Ste GKFG GKS
Struts AD " Rdmax = 16.19 N/mrh
Struts BD  Rdmax = 14.29 N/mmh
Strut Section
Strut width = 450mm

Strut thickness (mm)

Member AD BD
Force (kN) -574.3 -564.8
’ Rd,max( N/mmz) 1619 1429
Strut thickness (mm) 78.8 87.8
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Check Nodal Zones

The required minimum thickness of the nodal zone edge for nodes A to F is similar to the respective
strut thickness above.

By inspection, the critical nodal zones are located in nodes A, B and F.

Referring to the figures below, the available nodal zone edge thickness is:

r=4g=64 _E’_
g\ P2 ST
NSl B v
</ \>/ / /> u‘
J; ‘ /\& )
125.6 9./
NOde D Node B NOdeA
Strut AD, node A = 100 (sin 60.53
= 87.1 mm > 78.8 mm (OK)
node D = 125.6 (sin60.5%3
= 109.3 mm >78.8 mm (OK)
Strut BD, node B =IC x 64
= 90.5 mm >87.8 mm (OK)
node D = 128.4 (sin47.3)
= 94.5 mm >87.8 mm (OK)
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Final Reinforcement Details

All reinforcement must be fully anchored beyond the nodes.

To improve crack control and ductility, you will need to provide a minimum reinforcement of, 0.5A
which is uniformly distributedat the half joint parallel to the bottom tie reinforcement.

Minimum A =0.5x 879

= 440 mm Use 3H10 close links (6 legs)
450 250
| ) W 100350 wide bearing pad
column bars 5100
5H16 i |/ H16 cottering bar
H16 cottering bar__ / 20x20 chamfer
o R T o I
o
L —1 ]
& o
2 =)
S N
2 - 3Hi0links
2H10 Links (bundled)
. i 2
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DESIGN EXAMPLE 2 Specialist Design
RC Corbel Alternative

Steel Corbel Selecting Peikko® PCs Corbel (to be used with PC Beam Shoe)

The load transfer mechanism of PCs Corbel under vertical and horizontal loading is shown in the figure
below.

PCs Corbels are poesigned so that all components of the system have sufficient resistance against
actions caused by external loads.

Thedesign values of resistances are shown in the table below.

Design:
Vertical shear force in connection: Veg= 500 kN
Horizontal tensile force in connectionHsq= 100 kN

Select corbel:

Corbel PCs 5
Shear resistance Vra=520 kN
Tensileresistance Hrq=104 kN
Ved< Wrd A 500 kN < 520 kN

Hed< Hka A 100 kN < 104 kN
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