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Foreword

Connections are among the most essential parts in precast structures. Their performance
relates to the structural limit states, as well as to manufacture, erection and maintenance of the
structure itself. Proper design of connections is one major key to a successful prefabrication.

The literature on this matter mostly illustrates classical solutions, often well known, but an
explanation of a general design philosophy for the design of connections was necessary. In
fact, the engineer, confronted with particular problems in his daily practice, does not always
have the theoretical basis to find the most appropriate solutions.

fib Commission 6 “Prefabrication” therefore formed a Task Group — TG 6.2 — who drafted
this Guide to Good Practice with the goal of filling this gap. Its philosophy focuses on the
knowledge of the behaviour of a whole structure, of the mechanisms and paths of force
transfer within the connections and of their interaction with the structural members. Indeed,
such knowledge is the base for assessing the safety and reliability of usual types of
connections and to develop innovative design.

The Task Group has been working during several years, to collect and discuss information
and studies about the different aspects intervening in the design of structural connections for
precast concrete structures. The result is a voluminous document, with a comprehensive
survey of basic principles and design guidelines, illustrated by several examples of adequate
solutions.

Throughout these years, the Commission, chaired by the undersigned persons, supported the
activity of the Task Group with comments and discussion. However the merit for the
finalization of the work into this Guide must be acknowledged as mainly due to the
tenaciousness of its Convener, Prof. Bjorn Engstrom of Chalmers University, Sweden.

Arnold Van Acker Gunnar Rise Marco Menegotto
Past Chairman Past Chairman Chairman
Commission 6 - Prefabrication
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1 Introduction

1.1 The role of structural connections in prefabricated concrete
building structures

Precast concrete systems enable fast and effective completion of many different types of buildings
and other structures. The type of structures referred to in this document is shown in Fig. 1-1. These are
skeletal frames, wall frames and portal frames.
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Fig. 1-1: Examples of skeletal, wall and portal frames
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It is a misconception to think of precast technology only as a mere translation of cast insitu into a
number of precast elements that are assembled on the site in a manner such that the initial cast insitu
concept is obtained. This misconception is due to a lack of understanding of the design philosophy and
the special characteristics and rules associated with precast concrete design and construction.

Effective design and construction is achieved through the use of suitable connections to cater for
all service, environmental and ultimate load conditions. The structural systems are composed of
precast concrete elements that are joined together in a mechanical way, for example using bolts, welds,
reinforcing steel, and grout and concrete in the joints, as shown in Fig. 1-2. However, connecting the
elements together is not just a question of fixing the elements to each other, but it is to ensure the
structural integrity of the whole structure.

Fig. 1-2: Grouted dowels (left) and bolted steel plates are just two ways of making mechanical
connections

In the completed building the structural connections will form an essential part of the structural
system. The structural response will depend on the behaviour and the characteristics of the
connections. The structural layout, the arrangement of stabilising units, the design of the structural
system (and its sub-systems) and the design and detailing of the connections must be made
consistently and with awareness of the intended structural behaviour. To achieve a satisfactory design
the designer should understand how the connections influence the flow of forces through a structure
under vertical and /or horizontal loads. The main purpose of the structural connections is therefore to
transfer forces between the precast elements in order to enable the intended structural interaction when
the system is loaded.

The structural connection interacts closely with the adjacent structural elements, and the design
and detailing of the connection is influenced by the design and detailing of the adjacent elements that
are to be connected. Therefore, the connections and elements must be designed and detailed implicitly
so that the flow of forces is not only logical and natural, but the forces to be resisted by the connection
can be transferred into the element and further on to the overall load-resisting system.

Connections can be classified in different ways depending on, for instance, the type of elements
that are to be connected, or the principal force that should be resisted. Standardised types of structural
connections are often listed in design handbooks or catalogues from precast element producers,
although this is not just a question of selecting an appropriate solution from listed standard solutions.
To improve the detailing, to find proper connections in specific situations when the standard solutions
do not fit, and to develop innovative solutions, the designer must be prepared to work with
connections in a more creative way.

Within a single connection there may be several load transmitting joints, and so it is first necessary
to distinguish between a ‘joint’ and a ‘connection’. A ‘joint’ is the interface between two or more
structural elements, where the action of forces (e.g. tension, shear, compression) and or moments may
take place. A ‘connection’ is an assembly, comprising one or more interfaces and parts of adjoining
elements, designed to resist the action of forces or moments. The design of the connection is therefore
a function of both the structural elements and of the joints between them. This is explained in Fig. 1-3,

2 1 Introduction
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for the case of a beam-to-column connection, where the zone of the connection may extend quite far
from the contact surfaces. In addition to the actions of forces connection design must consider the
hazards of fire, accidental damage, effects of temporary construction and inaccurate workmanship, and
durability.

hcolumn

Tension and I |

shear joints

[_ """""""""""" '—] )

Compressive
stress zone

1
]
i Compression joint
1
1

s

hbeam L

i 4-5 hcolumn

Column strength
| and stiffness

/

Beam flexural
strength and stiffness

Beam shear strength E— 4‘\
Environs of

and stiffness | 1,5-2,0 hpeam
| > the connection

Fig. 1-3: Definition of ‘joints’ and ‘connections’

Unlike cast insitu concrete work, the design philosophy for precast connections concerns both the

structural requirements and the chosen method of construction. In many instances the working

practices in the factory strongly influence connection design! Design philosophy depends on several

factors, some of which may seem unlikely to the inexperienced:

the stability of the frame. Unbraced portal and skeletal precast frames require moment resisting

foundations, whereas braced frames and cross-wall frames do not

- the structural layout of the frame. The number and available positions of columns, walls, cores
and other bracing elements may dictate connection design

- moment continuity at ends of beams or slabs. Cantilevered elements always require moment
resisting end connections (or otherwise beam continuity) whereas beams simply supported at both
ends do not. Unbraced frames up to a certain height may be designed using rigid (or semi-rigid)
end connections

- fire protection to important bearings and rebars

- appearance of the connection and minimising structural zones, e.g. ‘hidden’ connections must be
designed within the dimensions of the elements, whereas ‘visible’ connections are outside the
elements

- ease and economy of manufacture

- the requirements for temporary stability to enable frame erection to proceed, and the need for
immediate fixity/stability, e.g. torsional restraint at the ends of beams during floor erection

- site access, or lack of it, may influence structural design, and hence connection design

- the chosen method(s) of making joints, e.g. grouting, bolting, welding, and the type of bearing(s)
used

- the plant capabilities of hoisting and lifting

fib Bulletin 43: Structural connections for precast concrete buildings 3
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1.2 Aim and scope

The principal aim of this guide is to encourage good practice in the design of structural connections in
precast concrete structures. This is achieved through a basic understanding of structural connections as
parts of the overall structural system and subsystems, such as floors diaphragms, walls, cores and
moment-frames.

The general design philosophy for concrete structures outlined in the CEB-FIP Model Code 1990
[CEB-FIP (1992)] is used as a basis for this design guide and models appearing in this Model Code is
generally applied and further explained and developed.

This design guide is limited to structural connections that are essential parts of the overall structural
system and structural subsystems. Non-structural connections are outside the scope of this publication.
For fasteners in general reference is made to CEB (1994, 1997). The basic force transfer mechanisms
presented here are, however, very often of major importance also in non-structural connections, and so
the information is relevant at least for some types of non-structural connections.

This design guide is prepared for precast concrete buildings. This means that the general design
philosophy presented here is meant for building structures and not for other types of structures like
bridges, foundations, containers, etc. Of course, the information of basic force transfer mechanisms
can also be applicable to other types of prefabricated structures.

The main focus is on the design of structural connections with regard to their structural function in
ordinary design situations in the serviceability and ultimate limit states, and in accidental/abnormal
design situations, like fire, lack of fit and impact/accidental loads. Other aspects considered include
production methods, handling and site erection of elements, building physics, durability and
maintenance. One section is devoted to the behaviour of connections under cyclic action; however the
detailed dynamic and seismic design of connections is beyond the scope of this publication. Here
instead reference is made to fib (2003b).

1.3 Outline of the document

This design guide consists of two parts; the first part concerns general considerations and
philosophy in the design of structural connections, and the second part deals with basic force
transferring mechanisms within structural connections.

The approach in Part | is to first identify the role of the connections in the structural system in
order to reach the intended structural behaviour. Therefore Chapter 2 presents the major structural
systems and subsystems, together with the conceptual design of the structural systems. Chapter 3
introduces the general design considerations and design philosophy at the local level. Other aspects
that normally influence the design specification are outlined in Chapter 4. These include production,
transportation and erection of the precast elements, aesthetics, and the service function and durability
of the completed building. Chapter 5 concerns structural integrity in the event of fire, accidental loads
or seismic action.

Part Il is devoted to basic force transferring mechanisms; transfer of compressive forces in Chapter
6, of tensile forces in Chapter 7, of shear forces in Chapter 8, and of flexural and torsional moments in
Chapter 9. In each of these chapters various examples of structural connections are included and
discussed.

4 1 Introduction
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2 Precast structural systems and structural interaction

2.1 Basic precast concrete systems

Precast concrete building structures are composed of some basic types of structural systems. These
systems can be combined in different ways to obtain an appropriate and effective structural concept
that fulfils the needs of specific buildings. The most common systems are:

— beam and column systems (beam elements, column elements, connections)

— floor and roof systems (floor elements, roof elements, connections)

— bearing wall systems (wall elements, connections)

— facgade systems (facade wall elements, connections)

The above list is not unique as there are many variations possible to achieve the same objectives
that architects and engineers are now successfully exploring, such as the use of arches and rigid portal
frames. Facades are sometimes load-bearing, providing also the lateral stability, but they can also be
used without a load-bearing function. Other less common precast systems are:

— frame systems (frame elements, connections)

— cell systems (cell elements, connections)

2.1.1 Beam and column systems

Beam and column systems are composed of columns and beams, although the beams are more like
rafters in the case of Fig. 2-1 a where the column height may correspond to more than one storey. The
system in Fig. 2-1 b forms the basis of the skeletal frame. The connections in these systems are:

— beam to column

— beam to beam

— column to column

— column to base

1
D
—

2

Y
.y
Nt
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i
NERN

\

—

Fig. 2-1: Beam/column systems, a) single storey columns, b) multi-storey columns
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2.1.2 Floor and roof systems

The main purpose of floor and roof systems is to carry vertical load to the vertical load-resisting
structural elements. Besides, precast floors and roofs are often used as essential parts of the stabilising
system to transfer horizontal loads by diaphragm action to the stabilising units, see Sections 2.2.2 and
2.3.1. The most common floor systems are hollow-core floors and double-tee floors, see Fig. 2-2.
Double-tee units are also used in roof systems. The connections of these systems are:

— slab to slab at longitudinal interior joints

— slab to edge element at longitudinal edge

— slab to slab at interior support

— slab to end support

mesh
struct. topping

a) b)
Fig. 2-2: Typical floor systems, a) hollow core floor system, b) double-T floor system

The elements in a floor system will not resist loads separately from each other, but a degree of
interaction between adjacent elements is desired. To obtain a transverse distribution of load effects in
case of concentrated loads and prevent uneven vertical displacements at the longitudinal joints, the
floor connections must be designed to develop shear key action that ensures the interaction between
adjacent elements, see Fig. 2-3.

Fig. 2-3: Interaction and transverse distribution of load effects between adjacent precast hollow core floor
elements are achieved by shear transfer across the longitudinal joints, a) transverse load
distribution, b) joint detail with longitudinal shear key

6 2 Precast structural systems and structural interaction
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In composite floor plate floors (also known as half-slab), precast concrete floor plates are used as
formwork for the cast insitu part and remain integrated in the composite floor section, see Fig. 2-4.
Composite action depends on the shear transfer in the horizontal joint between the precast plate and
the cast insitu concrete part, see Section 2.3.4. There is no requirement for design of longitudinal joint
between the plates as the topping is continuous over the precast joint lines.

f \ floor plate

floor plate reinforcement

Fig. 2-4: Composite floor plate floor system with lattice girders

2.1.3 Wall systems

The main types of precast concrete wall systems are shown in Fig. 2-5 as facades and interior
cross-walls. Walls can be classified as bearing and non-bearing walls. Bearing walls are used to
support bridging components like floors, roofs or beams, see Fig. 2-5. Examples of non-bearing walls
are shown in Fig. 2-6.

The connections of these systems are:

— wall to wall at interior and exterior vertical joints

— wall to wall at interior and exterior horizontal joints
— wall to base/foundation

Fig: 2-5:  Examples of bearing wall systems, a) load-bearing facade wall, b) load-bearing cross-walls

The connections of non-bearing wall systems are mainly fagade to beam — rarely are they
connected to columns.

fib Bulletin 43: Structural connections for precast concrete buildings 7
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Fig. 2-6: Example non-bearing facade walls

Non-bearing walls are normally designed to carry their dead weight, which means that the
connections at horizontal joints need to resist the weight of the wall elements above this level of the
wall. However, as an alternative, non-bearing facade walls might be fixed to the adjacent load bearing
system in such a way that the dead weight of each wall element is supported by the main system.

Prefabricated walls can be used as part of the stabilising system to resist horizontal loads in its own
plane. In that case the prefabricated wall should behave as one structural unit composed of interacting
wall elements, see Fig. 2-7. This structural interaction within the wall needs to be secured by structural
connections that resist the required shear forces, tensile forces and compressive forces.

[y =
[ | [ | |
L 1T i | Iy
—z2 M__ — = :
[
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| N | [ 1 |
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7 Vd /1‘// Ve 7 f//// YA A ‘/
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a) b)

Fig. 2-7:  In-plane action of prefabricated wall, a) shear forces, b) tensile and compressive forces

2.1.4  Moment resisting frame systems

Precast concrete moment-resisting frame systems are found in skeletal or portal systems where
“frame action’ is used for the stabilisation. This is obtained by combining spatial H-shaped elements,
L-shape elements, or portal frames, etc. with monolithic connections at the intersections between
beams and columns within the element. The elements are connected in locations where flexural
resistance is not required at points at contraflexure.

Alternatively the connections between beam and column elements may be designed and detailed to
obtain the required continuity and moment resisting capacity. However, this often makes the
connections complicated and costly, and such solutions seldom appear in practice.

8 2 Precast structural systems and structural interaction
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2.15 Cell systems

Precast concrete cell systems are composed of closed cell elements or open cell elements with U-
or L-section, see Fig. 2-8. Complete structures can be made by combining cell elements. However, it
is more common to use cell elements for specific parts of a structure, for instance wet areas, and
combine these with ordinary walls and floor systems.

/4

a) b)

Fig. 2-8 Prefabricated cell systems, a) closed cell elements, b) open cell elements with U-section

2.2 Structural systems

2.2.1 Conceptual design

One of the biggest advantages of precast concrete technology is the speed of construction — fixing
rates of up to 1000 m? floor area per week are common. But to achieve this it is essential that simple
and easy to handle solutions are pursued at all stages of the construction process, from design to
manufacture, transportation and erection. This is even more important with regard to connections
where the use of pinned jointed connections and simply supported beams is the most favoured solution
for framed structures. In wall frames and cell structures, the connections are too pinned in the out-of-
plane directions, but are moment resisting in-plane.

The main structural difference between cast insitu and precast structures lies in their structural
continuity. The inherent continuity of cast insitu buildings is an automatic consequence of the
construction process. For precast structures, there must be a conscious effort undertaken to ensure
structural continuity when precast elements are put in place. The connections act as bridging links
between the elements, forming together structural chains linking every element to the stabilising
elements, such as shear walls and cores.

For example in the braced frames shown in Fig. 2-9 between them the elements and connections
form a chain of horizontal forces and reactions to transmit the horizontal load to the ground. The
reactions at each floor level are determined as shown in Fig. 2-10 such that the entire design method
for the stability of a precast structure is described in these four diagrams.

fib Bulletin 43: Structural connections for precast concrete buildings 9
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Fig. 2-9: Braced frame. The stability in precast concrete technology requires continuous attention

Finally, the precast structure must be robust and adequately designed against progressive collapse,
structural failure, cracking and unacceptable deformations The stability of the system and its parts has
to be ensured at all stages during the erection as during its service life.

As in every design process the steps are iterative and cyclic, starting with rough conceptual lines
and decisions and ending up with design of details and fine-tuning adjustments.

The first and very important part is the choice of structural concept as envisaged by the architect.
The primary functional aspects of the building, its form, mass and the desired architectural appearance
have to be considered. Early consultation with the architect is very important in order to bring the
structural and precast concrete concepts in time to make concessions where necessary.

At this stage the important decisions are:

— position and the approximate requirements for the stabilising elements

— the need for expansion joints

— grid distances

— span directions of slabs and beams

— positions of columns and walls

— use of load bearing walls and/or facades

10 2 Precast structural systems and structural interaction
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Fig. 2-10: Reactions in shear walls due to horizontal load, a) when the resultant H of the horizontal load
passes through the shear centre (S.C.), there is only translation, b) rotation is due to eccentric

positioning of the stabilising elements (the horizontal load resultant does not pass through the shear
centre), the total deformation is translation + rotation

The positions of shear walls and cores should be according to Fig. 2-10 a, rather than Fig. 2-10 b,
in order to avoid torsional sway, which will eventually lead to large connection forces around the
walls. In this way evenly distributed stresses in the stabilising elements can be achieved resulting in:

— balanced design and repetition of connections in the stabilising elements

— equal horizontal sway

— equal angle of rotation of the structural elements such as columns, walls etc. following the

horizontal deformation of the stabilising elements

— uniform detailing.
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Position of cores/shear walls in the plan of the building, a) good, b) good, ¢) good,
d) satisfactory, two transversal walls have already moments due to eccentricity of the vertical load,

Fig. 2-11:
e) bad, almost no vertical load, and/or eccentric vertical load,
f) bad, almost no vertical load on the longitudinal shear wall
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In the case of a small vertical load on shear wall or core the concrete section will crack resulting in

Fig. 2-12:
larger deformations or more reinforcement needed
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It is the choice of the right force paths and the main structural scheme, which makes the further
development of the precast concrete system and details a success or failure.

The structural engineer still has the freedom to position shear walls and cores and to choose spans
of floors and beams in such a way that the gravity load acting on the cores and shear walls is large
enough to eliminate uplifting forces and tensile stresses due to bending, see Fig. 2-11.

Tensile forces require more complicated and time-consuming connections, using for example
reinforcing bars passing from one element to another, welding steel plates, bolted connections, post-
tensioning, etc. Tensile stresses will cause opening of the joints or even cracking of the concrete in
stabilising elements before the reinforcing steel bars will be activated to take the resulting force. Also
the second moment of area of the cracked sections will be less than in the uncracked state, see
Fig. 2-12. This leads to larger deformations of the stabilising elements and of the whole building.
Compression forces on the other hand can be easily transferred from one element to another through,
for instance insitu mortar joints, which are easy and cheap to make.

2.2.2 Force paths

For every external load applied to a structure it must be possible to identify a force path that links
this load to its reaction in the foundation. This force must pass through structural elements and
connections that can be regarded as a chain of components. When several loads act simultaneously
there will be several force paths running side by side, and this makes it possible to speak about a flow
of forces, see Figs. 2-10 and 2-11.

It is appropriate to examine the flow of forces under the vertical and horizontal loads separately
and to superimpose the two solutions in the development of the structural system. The vertical loads
are resisted by bridging elements roof and floor elements, beams, stairs) and supporting elements
(columns and load-bearing walls)

For horizontal forces the structure must be provided with stabilizing units that are capable to resist
the horizontal loads and link them to the reactions in the foundation.

The following components can be part of the stabilising system:

— fixed-end column (cantilever action)

— fixed-end core (cantilever action)

— fixed end slender wall (cantilever action)

— non-slender wall (diaphragm action)

— frames with moment-resisting joints (frame action)

— boxes (frame and diaphragm action)

— floor (diaphragm action)

— roof (diaphragm action)

Fig. 2-13:  Precast structure with fixed-end columns

fib Bulletin 43: Structural connections for precast concrete buildings 13
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A fixed-end moment-resisting column behaves as a cantilever when loaded horizontally as shown
in Fig. 2-13. (It should be noted that the response of the system depends on how the wall elements are
arranged and supported, compare with Fig. 3-8.) Reference is made to Section 9.5 for column base
connections

In multi-storey structures the cores, staircase shafts or high slender walls can be used as stabilising
units, Fig. 2-14. Such stabilising units are often composed of precast concrete wall elements designed
as huge fixed-end cantilevered walls, secured by connections between the units. Staircase shafts can be
composed by wall elements that are connected to become an interacting substructure. Solutions also
exist where storey-high cell-elements are placed in open box format as shown in Fig. 2-15.
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Fig. 2-14: Precast beam/column system stabilised by bracing units, a) multi-storey building b) calculation
model
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Fig. 2-15: Prefabricated slender stabilising units, a) precast shear wall, b) precast staircase
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For less slender walls the flexural mode of behaviour is not as pronounced as in more slender
walls, which resist horizontal load by cantilever action, Fig. 2-16. In less slender walls the shear
capacity in joints and in the connections to the foundation can with relatively small measures be
sufficient for stabilisation by diaphragm action. For this reason precast walls and facade walls are
often used as stabilising units. In this respect it is favourable that the walls are load bearing, since the
vertical load, which gives compression in the horizontal joints, reduces the need for tensile force
transfer across the joints.

Fig. 2-16: Stabilisation with diaphragm action in non-slender walls

Frames with moment resisting beam-column connections can adopt frame action, which can also
be used with facade panels, as shown in Fig. 2-17.

P

A,
i

a) b)

Fig. 2-17: Stabilisation by frame action in facades, a) frame action in fagcade elements, b) frame action in
spandrel beams and continuous columns, adopted from Westerberg (1999)

Horizontal load must be transferred by diaphragm action in precast floors (and roofs) to the
stabilising units - an essential part of the stabilising system. Connections between the floors or roofs
and the stabilising units interact to resist the horizontal load as shown in Fig. 2-18. Precast floors or
roofs that will obtain considerable stiffness in their plane where they are normally considered as being
fully-rigid in design, i.e. the joints do not slip.

fib Bulletin 43: Structural connections for precast concrete buildings 15
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Fig. 2-18: Diaphragm action in precast floors and roofs

2.2.3 Structural movements

Concrete structures must be designed considering the need for movements due to temperature
variations, and concrete creep and shrinkage. This need for movement will influence the structural
design as well as the design of the connections. Reference is made to Section 3.5.1 for the connection
design.

Temperature variations and shrinkage give rise to stress-independent strains, which if they are not
prevented will result in deformations and movements without any stresses occurring. However, if free
deformations are prevented by global or local restraints, stresses and associated stress-dependent
strains will appear. In practice the need for movements cannot be fully prevented by restraints, even if
this is often assumed in calculations as extreme cases. In practice the restraints will only partially
prevent the free deformations. The actual deformation will be smaller than the free deformations and is
determined as the numerical sum of stress-dependent and stress-independent strains.

With regard to thermal deformations the possible difference in the ambient temperature range
following the day of erecting the elements and during service life should be considered. The maximum
temperature variation is obtained in outdoors structures. The maximum need for thermal expansion
will occur if the elements are erected when it is cold, or vice versa for thermal contraction if the
elements are erected when it is hot.

In order to reduce possible horizontal restraint forces the following options are available:

— reduce the restraint at supports by provision of rubber bearings (or similar) or sliding bearings,

— reduce the restraint at supports by decreasing the stiffness of adjacent structures, e.g. the

flexural rigidity of columns,

— reduce the global restraint by rearrangement of the stabilizing units,

— reduce the global restraint by introduction of movement joints.

Independently of the measures taken, actual restraint forces should be considered in the structural

analysis. Movement joints can be arranged in different ways:

1) The whole structure can be divided in isolated parts by separate foundations and separate
structural systems. With this approach no forces will be transferred in any direction between
the separated systems.

2) The vertical load bearing system is not split by movement joints, but movement joints are
introduced in beams and floors. This can be achieved by providing sliding joints at one side of
the connections. In this case contraction/expansion induced forces cannot be transferred, but
still shear forces can be resisted in the connections when needed, for instance by horizontal
dowels.
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Fig. 2-19 shows indicative values of appropriate spacing of movement joints for beam/column
systems in heated buildings where the columns are hinged at the base, [BLF (1995)]. For a building
that is not heated the values should be reduced by 33 %. In case of fixed end columns, the values
should be reduced by 15 %. When a considerable part of the stabilizing system is concentrated to one
end of the building, the values should be reduced by 25 %.

It should be noted that the equivalent temperature variation given in the figure should include the
effect of concrete shrinkage. The actual temperature variation should be increased with a fictitious
value that results in the same thermal strain as the shrinkage strain.

Movement joints might cause problems with leakage, which has to be considered in the detailing.

Maximum length
between joints [m] A

180+

150+
(.

120+

90

"I s

30+

Equivalent temperature variation [°C] per year
including the effect of shrinkage

Fig. 2-19: Recommended spacing of expansion joints

It is essential to arrange the bracing units appropriately in wall and moment-resisting frame
structures. When bracing units are arranged as shown in Fig. 2-21 a and b, they offer less resistance in
the longitudinal direction, but when placed as shown in Fig. 2-21 ¢ and d, the restraint forces will be of
considerable magnitude and will probably cause cracking.
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Fig. 2-21: Alternative arrangements of bracing units
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2.3 Structural sub-systems
2.3.1 Precast floors

The same approach to the flow of forces, which was described for the structural systems, has also
to be considered for structural sub-systems.

As an example the longitudinal joint between hollow core units is provided with a shear key,
shown in Fig. 2-22, to enable a spreading of concentrated loads over adjacent slabs and to increase the
stiffness of the total floor in comparison with the solitary slabs. The shear force across the joint results
in principle tensile and principle compressive stresses in the joints. In the ultimate state the principle
tensile stresses cause inclined cracking and the shear force is mainly transferred by an inclined
compressive strut, of which the vertical component equals the shear force.

The connection will be able to fulfil its requirement only if the floor elements are prevented to part
from each other in the horizontal direction, i.e. the horizontal component of the inclined compressive
force must be balanced. The magnitude of the shear force, which has to be transferred over the joint,
together with the angle of the compression strut in between the two adjacent slabs, will determine the
resulting horizontal force H and the necessary reinforcement, to keep the slabs together, see Fig. 2-22.
This mechanism reminds of the so-called shear friction mechanism, Fig.2-23, which is further
explained in Section 8.3. For grouted joints between floor elements reference is also made to
Section 8.4.2

3@3@@@

Fig. 2-22: Shear transfer mechanism in keyed joint between hollow core slabs. The resulting horizontal force
H has to be resisted to prevent the slabs parting from each other

compression strut

tension

Fig. 2-23:  Shear transfer mechanism
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In joints with distributed projecting bars or loops along the joint faces, the horizontal force could
be balanced continuously along the joint where the force originates, as shown in Fig. 2-24.
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| | | | | | |[<—
A
RN

Fig. 2-24: Connecting bars equally distributed along the sides of the precast concrete elements

However, because of the techniques used to manufacture hollow core floor units, extrusion or slip-
forming, preclude projecting reinforcement, the reinforcement required to resist the force H
(Figure 2-22) will be concentrated in the transversal joints at the ends of the units, see Fig. 2-25. As
the in-plane stiffness of the units is large, this detail is adequate for the transfer of longitudinal as well
as transversal shear forces. The force H, generated at the places where the compression struts develop,
is not resisted at the same place, but is transferred by the floor unit in its plane to its ends, where it is
taken by the concentrated reinforcement. This mechanism is further explained in Section 8.5.1.

Fig. 2-25: Example of concentrating coupling reinforcement to the transversal and longitudinal joints

In case of a floor diaphragm transferring horizontal wind forces to the shear walls at both ends of
the diaphragm, see Figs. 2-18 and 2-26, concentrated reinforcement is satisfactory for the shear force
transfer between the slabs, but not for the transfer between the floor and the shear wall.

If the shear wall in the direction perpendicular to its plane is not stiff enough to resist the
horizontal force components of the compression struts at the place of the intended shear transfer, it
will deform as shown in Fig. 2-27. Loosing sufficient contact because of this deformation, the contact
planes can slip and the shear transfer will not be effective.

The force path model, shown in Fig. 2-26, which is appropriate for shear transfer between hollow
core units that are stiff and strong in their plane, is therefore not valid for the shear transfer to
insufficiently stiff shear wall elements. To transfer these forces, the reinforcement necessary to resist
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the horizontal component H must be placed directly where the compression struts develop. Some
details of how to solve this are shown in the Figs. 2-28 and 2-29.

LTl

Fig. 2-26: Flow of forces in a floor diaphragm, adopted from Bruggeling and Huyghe (1991)

—

This is an example, illustrating the importance of the flow of forces in the joint, on the proper
functioning of the total. This explains also why the structural engineer, when designing in precast
concrete, should always be aware of the flow of forces and its consequences.
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Fig. 2-27: Concentrated reinforcement in the transversal joints in combination with relatively flexible wall will
result in poor shear transfer
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/\/

Connection between a double-T floor unit and a wall. Connecting reinforcement is placed directly

Fig. 2-28:
there where the compression strut is meant to develop

a) b)
Fig. 2-29: Longitudinal connection of a hollow core slab with a wall

In general strut-and-tie models are valuable tools in understanding the flow of forces within the
floor and between the floor and the stabilising units and find how tie bars should be arranged and

anchored so that a safe equilibrium system is obtained.
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It should be noted that a precast floor diaphragm does not behave like a deep beam placed directly
on supports. This is because the support reactions are transferred by shear continuously along the
joints between the floor and the stabilising units. Hence, the tying system should secure that the in-
plane forces can safely be transferred through the floor to these supports. In the case of a structural
topping the tying system can be arranged freely almost without restriction. In that case it is natural to
transfer the load successively the shortest way to the support and arrange the tie bars continuously so
that equilibrium is fulfilled, as shown in Fig. 2-30. This results in a tying system of well-distributed tie
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Fig. 2-30: A distributed tying system is used to balance the inclined in-plane forces. Such a distributed system
can be used in case of a structural topping where the tie bars can be placed without restrictions.

However, in many cases structural toppings are avoided and the arrangement of tie bars is
restricted to the joints. In this case the in-plane forces must be concentrated to the nodes where the tie
bars are placed as shown in Fig. 2-31. From these nodes the in-plane forces must be activated by
suspension ties so that the forces can finally be transferred by shear to the stabilising systems.
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Fig. 2-31: A concentrated tying system is used to balance the inclined in-plane forces, a) tie bars placed at the
tensile chord only, b) tie bars are placed both at the tensile chord and in an intermediate joint

Some examples of strut-and-tie models for floors with regular geometry are shown in Figs. 2-32 —
2-33.
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b)

Fig. 2-32: Examples of strut-and-tie models representing the in-plane action of a floor, a) shear walls at the
short ends, b) interior shear walls

Fig. 2-33:  Example of strut-and-tie model representing the in-plane action of a floor

Special attention is required in case of floors and stabilising elements with an irregular
arrangement. For example, at inner corners the tie reinforcement needs to be anchored on both sides as
shown in Fig. 2-34.
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Fig. 2-34: Strut-and-tie model representing the in-plane action of a floor with inward corners
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2.3.2 Precast walls

Precast concrete walls are often used to stabilise precast buildings, thanks to their large in-plane
stiffness, obtained by a combination of shear and flexural stiffness. Such walls can be short or slender
depending on their geometry. Slender shear walls must be checked with regard to global in-plane
buckling with due regard to second order effects and flexibility of the foundation (partial fixity). Out-
of plane buckling is normally restricted, but must be checked at least within a storey height. Even if
the flexural stiffness dominates in slender walls, such walls are referred to as ‘shear walls’ due to their
ability to resist horizontal loads.

For the overall structural behaviour and the stabilisation the interaction between the precast floors
and the stabilising shear walls is essential. To reach the intended behaviour the connections between
the floors and the walls are very important.

Diaphragm action of precast walls is obtained by interaction of the wall elements and hence the
transfer of shear and tensile forces across the joints is essential. The equilibrium system can be studied
by strut and tie models, and the connections should be designed consistently and in accordance with
the intended structural behaviour.

Stabilising wall diaphragms are normally subjected to axial load and have higher stresses than
precast floor diaphragms. The stiffness is an important parameter of shear walls. If cracks develop in
horizontal joints, this influences the stiffness significantly. Whenever possible, shear walls should be
designed in such a way that tensile stresses are avoided in horizontal joints or only small tensile
stresses occur. It is often economical to have as much vertical load on the shear walls as possible to
suppress tensile forces, see Fig. 2-12. To have a good interaction of wall elements, the elements have
to be connected to the foundation, to each other and to the adjacent floor diaphragms. An example of
this is the grouted starter bar connection. The starter bar is (usually) protruding out of the lower
element and the upper element is provided with a sleeve that is filled with grout by pouring. This
provides a well proven connection, which has a high reliability, requires no skilled labour, has a
relative high fitting tolerance, and can carry over the full steel stress of the starter bar.

The walls in precast shafts can be designed either as individual shear walls or connected along the
vertical joints to form a closed or open cross-section, see Fig. 2-35. Then the shaft will act as one unit
in the stabilising system. If this interaction between the walls is accounted for in the stabilising system,
the connections along the vertical joints must be able to resist the corresponding shear forces and must
be designed and detailed accordingly.

Fig, 2-35:  Examples of stabilising units composed of interacting precast wall elements

Besides solutions with welded connections and concrete filled joints, one possibility is also to
interlock elements (like bricks in masonry), see Fig. 2-36. This provides a connection with a high
shear capacity.

When the connection at a vertical joint between wall elements is loaded in shear, it will deform
according to shear stress vs slip characteristics. This will influence the structural response and,
depending on the effectiveness of the connection to prevent shear deformation, the interaction between
the wall elements can be classified as full or partial, see Fig. 2-37.

The connections at vertical joints are mainly of two types, cast insitu concrete joints with
transverse reinforcement, or welded connections. In the concrete filled joint there is a continuous shear
transfer along the joint, but with welded connections the shear transfer is intermittent. The concrete
filled joint can be plain or castellated, see Sections 8.4.2. The transverse reinforcement can be well
distributed or concentrated at the horizontal joints. Concrete filled joints may be difficult to execute
especially when elements meet at a corner, or that they need propping during casting. However, these
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connections are generally stiffer and stronger than welded connections, and may be required with
regard to stress and deformation restrictions.

Welded connections become active directly after mounting and will then contribute to the
stabilising system, see Section 8.4.1. This type of connection requires protection for fire resistance and
durability and may need finishing with regard to aesthetics. Protection can be achieved by
grout/mortar or paint. The reliability of the connection is very much influenced by the quality of the
field welding. This means that the conditions during welding and the skill of the welder are crucial for
the reliability of the connection. Welded connections are in most cases much less stiff (for the same
strength) than concrete filled or ‘interlocking element’ connections (Delft University and ‘Stufib’ —
The Netherlands).
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Fig, 2-36: Connection between wall elements by interlocking the elements
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Fig. 2-37: Shear deformation of connection between wall elements influences the degree of interaction and the
structural response

Facade walls can be established by ‘standing’ multi-storey wall elements, or ‘laying’ storey-high
wall elements, see Fig. 2-38. The elements can carry vertical floor loads, or they can be non-
loadbearing cladding. Both types can be designed as shear walls or not. In case they are used as shear
walls the elements must be connected at the joints to transfer shear forces. Otherwise, the joints are
non-structural just fulfilling tightness for climate protection

When stabilising and non-stabilising walls appear in the same structural systems, it is important to
consider the actual stiffness appropriately. If a wall considered as non-stabilising attracts load due to
its real stiffness, the structural behaviour may deviate from the intended in an unfavourable way.

fib Bulletin 43: Structural connections for precast concrete buildings 25



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.

c)

Fig. 2-38: Possible alternative arrangements of fagade wall elements, a) standing multi-storey wall elements,
b) laying single-storey wall elements, c) examples

2.3.3 Moment resisting frames

Moment-resisting precast frame systems typically include moment-resisting connections. For
design of connections for moment transfer reference is made to Sections 9.1 — 9.5. Moment resisting
frames can be classified as skeletal, portal and wall framed structures. They can be unbraced or
partially braced. (Where a structure is fully braced, the need for moment-resisting connections is
eliminated, and the designer must therefore exploit this fact in the ease and simplicity of making
pinned jointed connections.)

When the moment resisting connections are assumed to have at least the same moment resistance
as the structural members and substantial stiffness, structural analysis of precast frames is best
approached by classical frame analysis assuming a continuous frame. Fig. 2-39 shows the approximate
deflected shapes and bending moment distributions for a continuous frame subjected to gravity and
horizontal loads. The relative magnitudes of the moments in the beams and columns depend on the
relative stiffness of the columns and beams meeting at a joint.

There are many ways in which the framework in Fig. 2-39 may be designed in practice as a precast
frame without compromising its stability or continuity. If the joints at the ends of some of the beams
or columns are designed as pinned joints, the remaining joints may be factory cast monolithically, as
shown in Fig. 2-40 a. Pinned column splices at the mid-storey height position leads to the so-called H-
frame, Fig. 2-40 b, popular in grandstands where terracing beams are cantilevered from the H-
framework, as shown in Fig. 2-41. Forming pinned joints at the point of beam contraflexure allows
both the beams and the framework to be continuous, as shown in Figs. 2-40 ¢ and d, the latter using
monolithic T-columns.
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Fig. 2-39:  Behaviour of rigid framework with moment-resisting connections
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Fig. 2-40: Moment resisting frames using precast elements, a) precast monolithic beam-column elements,
b) precast H-frames, c) precast continuous beams, d) precast T-columns

The connections between the precast elements themselves can also be designed to be moment-
resisting, see Sections 9.1 — 9.5. Note that not all precast frames lend themselves to having moment-
resisting connections.

The connections between beam and column elements may be designed to transfer bending
moments. Depending on the moment resistance and stiffness of the connection relative to that of the
structural members, the connection can be classified as pinned, semi-rigid or rigid, see Section 3.5.4.
The frame analysis should be made accordingly. In relation to a pinned joint a moment resisting
connection is in general more complicated to execute. Therefore, the advantages of having moment
resisting connections must be weighted against the ease in design and execution using pinned joints
and stabilising the structure by other means, for instance bracing by shear walls.

It should be noted that a connection assumed to be pinned in the structural analysis and in the
design and detailing of the connection itself, still can possess a certain ability to transfer a bending
moment. In this case there is a so-called unintended restraint and the possible negative effects of this
with regard to cracking and resistance should be carefully examined, see Section 3.5.2.
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Fig. 2-41: H-frames used in multi-storey moment resisting frames for grandstands

2.3.4 Composite action and composite members

When a section is composed of more than one structural material that structurally acts together
when the section is strained, this is referred to as ‘composite action’. This definition is also used in the
case when insitu concrete is added on top of a precast section, where in this case the two types of
concrete are considered as different structural materials.

Composite action can be used to increase the flexural strength and stiffness of structural members
and to utilize the material more effectively. Typical precast composite sections could be a hollow core
element or double-T unit with a structural topping, or composite floor-plate floors as shown in
Fig. 2-42. Composite beams can be precast beams or steel beams with a cast insitu topping or infill.
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Fig. 2-42: Composite sections of floor elements, a) hollow core element, b) double-T element
c¢) composite floor-plate floor
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Composite action relies on the transfer of shear stresses at the interface from one layer of material
to another. The interface must be able to resist the corresponding shear stresses and the interface must
be designed as a connection for shear transfer, see Section 8.4.3. In this respect ‘low’ and ‘high’ shear
situations are distinguished [FIP (1982)]. In low shear situations the shear stresses are small and it may
be possible to relay on the bond at the interface provided that the roughness and cleanness of the joint
interface are satisfactory. In high shear situations reinforcement or other connection devices across the
joint interface are required, see Section 8.5.2.

Beams in precast structures typically support floor elements. When the joint between the floor
elements is filled with cast insitu concrete a composite section is formed, which includes not only the
cast insitu topping but also part of the floor elements. Because of the joint fill, the floor elements are
forced to follow the movements of the beam when it deflects. Hence, the floor elements will contribute
to the stiffness of the beam cross-section and take part in the composite action, see Fig. 2-43.
However, in this case the composite action influences the state of stresses in the floor elements, which
must be considered in the design.

Composite action can be utilized in design when it is needed. However, composite action can also
develop without intention, if the elements are arranged and jointed in such a way that they interact
when the beam is deflecting. This case can be regarded as unintended restraint, which should be
carefully examined in the design, see Section 3.5.3.

|

Fig. 2-43: Composite beam in precast floor system
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3 Basic considerations for the design of structural
connections
3.1 Principal arrangement and definitions

A structural connection consists of several components that interact when the connection is loaded.
Typical components are joints with joint fills, tie bars, anchor bars and other coupling devices, and the
connection zones of the connected precast concrete elements, see Fig. 3-1.

The joint refers to the opening between adjacent concrete elements. Often the joint is provided
with a joint fill of grout, mortar or concrete, depending on the width of the gap to be filled. The
structure formed by this joint fill itself is sometimes referred to as a ‘joint’. Various types of soft or
hard bearings placed in the joints can also be considered as ‘joint fills’.

joint

tie bars

2
/] 21 ? connection
N& 4 | zone
- ! ==

G5,
connection ~_% ,'/_ //_// N

zone

——recess
-bearing

connection
zone

Fig. 3-1: A structural connection consists normally of several components. The structural behaviour and the
performance of the connection depend on the interaction between these components

The connection zones are the end regions of the structural elements that meet and are connected at
the joint. Often considerable concentrated forces are introduced in the concrete elements through the
joints and the connection zones will be strongly influenced by this force transfer. For instance, tie bars,
anchor bars etc. need to be anchored in the connection zones. The connection zones must be designed
to transfer the forces, originating from the joint, to the principal load resisting system of the structural
member. This influences the geometry of the connection zone and the reinforcement arrangement in it.
Therefore the connection zones should be considered as essential parts of the structural connection.
For design of connection zones reference is made to Section 3.4.

One essential part of the connection zone is the joint face itself, i.e. the surface of the concrete
element towards the joint. The geometry of the joint face and its surface characteristics will influence
both the grouting operation and the force transfer ability across the joint.

3.2 Design philosophy

3.2.1 Design for the structural purpose

The main purpose of the structural connections is to transfer forces between the precast concrete
elements in order to obtain a structural interaction when the system is loaded. By the ability to transfer
forces, the connections should secure the intended structural behaviour of the superstructure and the
precast subsystems that are integrated in it. This could for instance be to establish diaphragm action in
precast floors and walls, or cantilever action in precast shafts. For this reason the structural
connections should be regarded as essential and integrated parts of the structural system and they
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should be designed accordingly and with the same care as for the precast concrete elements. It is
insufficient just to consider the connections as details for site erection. The advantages that normally
are obtainable with prefabrication can be lost with an inappropriate design and detailing of the
structural connections.

The design of the structural connections is not just a question of selecting appropriate dimension of
the connection devises, but the force path through the connection must be considered in a global view
of the whole connection and the adjacent structural members. Examples of the flow of forces through
connections are shown in Section 3.7. This means for instance that the anchorage of tie bars, the
connection zones of the adjacent structural members, the joints with joint fill must be considered in the
design of structural connections. The force transfer from tying devices, support bearings etc. into the
adjacent precast concrete elements must be secured by proper design and detailing of the connection
zones. Hence, it may be necessary to design and reinforce the connection zones with regard to the
action of concentrated forces and the corresponding risk of cracking, see Section 3.4.

The various aspects that should be considered in the design and detailing can be related to the
following groups:

— the structural behaviour for ordinary and excessive loads, see Sections 3.3 and 5.2

— the appearance and function of the building in the service state, see Section 4.2

— structural fire protection, see Section 5.1

— production of the concrete elements, see Section 4.1.1

— handling, storage, and transportation of the concrete elements, see Section 4.1.2

— erection of the prefabricated structural system, see Section 4.1.3

With regard to the structural behaviour, the ability of the connection to transfer forces is the most
essential property. Demands can be raised with regard to the transfer of compressive forces, tensile
forces, shear forces, bending moments and torsional moments. The ability to transfer forces should
fulfil needs in the ultimate as well as in the serviceability limit states. In the ultimate limit state the
connection should secure the intended structural interaction and possess sufficient deformation
capacity and ductility. It is obvious to consider forces due to dead load, live load, wind load, snow
load and pressures from soil and water. Additional forces that might appear due to unintended
inclination of load bearing columns and walls and unintended eccentricities should also be considered.

It is not as obvious to consider forces that develop when deformations, due to temperature
variations, shrinkage and creep of concrete, are prevented from developing freely. Very often observed
damages in precast concrete structures can be related to unforeseen or underestimated needs of
deformations, which is further explained in Section 3.5.1.

Some elements may be subjected to actions during erection, which are larger than those under
service conditions. When designing the connections this has to be considered, unless special measures
are taken (such as temporary supports).

Additional capacity may be required to resist accidental loads. Such loads may be foundation
settlements, explosions or collisions. Such loads may be accommodated in the connections with a
capacity for overload, by ductility within the connection, or by redundancy (alternate load paths) in the
total structure or within the connection, see Section 5.2. In seismic regions the connections must be
designed with regard to the possible risk of earthquake. Some aspects of such design are presented in
Section 5.3. Otherwise, reference is made to fib (2003b).

3.2.2 Design aspects
(1) Standardisation

A standardised connection system will always be beneficial. Structural connections are supposed
to transfer forces, and the magnitude of these forces will vary. Therefore the idea can be to standardize
a light, medium and heavy-duty type of the same principal solution, each with a given capacity for
force transfer. This makes it easy for the designer to choose a standard solution (saves time and
eliminates possibilities of errors in the calculation), and creates repetition for the workmen (less
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chance of mistakes). The necessary components for a standardised connection can also be kept in
stock at the plant.

(2)  Simplicity

Simplicity is important to achieve a connection detail that is inexpensive and least likely to be used
incorrectly.

Consequently all connection arrangements should consist of the least possible number of pieces
not embedded in the element. Furthermore, if the same unit can be used for different purposes, the
chance of mistakes is greatly reduced.

(3)  Tensile capacity

If a connection must have a tensile force capacity, then, consequently all embedded units must have
sufficient anchorage, and friction can never be part of the utilised force transfer mechanism. The
connection between anchored units must also have a tensile force capacity.

(4)  Ductility

Connections should preferably behave in a ductile manner. Ductility can be defined as the ability
to have large plastic deformations before failure, see Section 3.3.2. In structural materials ductility is
measured as the magnitude of the deformation that occurs between yielding and ultimate failure.
Ductility in building frames is usually associated with moment resistance. In concrete members with
moment-resisting connections, the flexural tension is normally resisted by steel components, either
reinforcing bars or structural steel members. Ductile joints can be achieved by giving the brittle parts
of the joint an extra capacity, for example by calculating with reduced allowable stress in these
components, see Section 3.6. Typical brittle components are welds, short bolts in tension, bolts
subjected to shear, reinforcement anchorage zones, etc.

(5) Movements

Connections must not hamper necessary movements in the structure. Necessary movements will in
most cases be the deformation of beams and slabs due to loads and/or prestressing forces. Typically
this problem arises when a vertical facade panel is connected to a beam or slab somewhere in the span
(away from the support). If the connection detail makes the vertical movement of the beam or slab
impossible, this may cause damage to the connection detail itself, or to the elements. Even if there is
no damage, unwanted forces may be introduced in the elements, causing unwanted deformations. The
solution is to construct the connection detail with a sliding arrangement, or it can be made as a hinge.
How to consider the need for movement and restrained deformation is further explained in Section 3.5.

(6)  Fire resistance

Many precast concrete connection details are not vulnerable to fire, and require no special
treatment. Connection where weakening by fire would jeopardize the structure’s stability should be
protected to give the same resistance as the structural frame. A typical example is an exposed steel
corbel supporting a beam. Methods of fire protection include encasing in concrete, covering with
gypsum boards, coating with intumescent mastic, or spraying with a fire protective paint. There is
evidence that exposed steel used in connections is less susceptible to fire related strength reduction
than fully exposed steel members. This is because the concrete elements provide a “heat sink’, which
draws off the heat and reduces the temperature of the steel. Design of connections with regard to
fire resistance is treated further in Section 5.1.
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(7)  Durability

Evidence of poor durability usually appears as corrosion of exposed steel details, or by cracking
and spalling of concrete. Connections subjected to corrosion must have steel details adequately
covered with concrete, or should be corrosion protected. Alternatively non-corrosive materials can be
used. Design with regard to durability is treated in Section 4.2.6.

(8)  Aesthetics

It must be kept in mind that aesthetics is important. Any structural connection that will not be
hidden, can either be emphasized and become part of the architecture, or should be made in a way that
demonstrates how it functions without being dominating, see Section 4.2.7.

3.2.3 Aspects on connection methods

There are several ways to obtain tensile capacity in connections. Considering the safety aspect
only, the order of preference is as follows:

1) Bolting

2) Grouting reinforcing bars at the site

3) Embedding reinforcing bars in epoxy or polyester at the site

4) Welding

The use of bolts is a simple way to establish a safe connection, but it generally puts strict
requirements on the tolerances. The bolts can be threaded rods or regular bolts.

Grouting at the site will to some extent depend upon the weather to be successful. Generally the
requirements on tolerances are not severe. When the result from a casting operation is successful, a
very sound connection is established. It also provides fire and corrosion protection for the steel details.

Mix proportions, aggregate size and casting procedures will vary with the size, location and
orientation of the operation. Patches permanently exposed will often not be acceptable. Anchoring the
grout to relatively large steel surfaces is a problem that is often overlooked. Large elements such as
steel haunches can be wrapped with mesh or wire. For recessed plates and similar elements headed
studs or wiggled refractory anchors can be welded to plate to provide anchorage for the grout. Gluing
with epoxy or polyester is very dependent upon weather conditions to be successful, especially
temperature. Also the workmanship is of great importance to secure a satisfactory result, like the
mixing of the ingredients and the preparatory cleaning and drying of the contact surfaces. Some types
of glued connections also put some requirements on tolerances. Most types of glue loose most of their
strength when heated to about 80°C.

Welded connections will in most cases fit without any problems, but the quality of the weld is
totally dependent upon the skill of the welder. When welding outdoors the welder must have extensive
knowledge about what kind of electrodes to use under different weather conditions on different
material qualities, and of treatment of the electrodes and materials prior to welding. Also the actual
work may be difficult and laborious to perform; like when fixing a small plate with only ladder access,
with heavy cables and no place to put the clamp. The heat generated when welding may also damage
the quality of the concrete close to the weld. Welded connections will in many cases have to be fire
protected.
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3.3 Force transfer mechanisms and the mechanical
behaviour

3.3.1 Force transfer types

The connection characteristics can be categorised by the type of action it is designed to resist:
— shear

— tension

— compression

— flexure

— torsion

For many structural connections the behaviour is dominated by one of the actions above.
Sometimes connections are classified by this dominating action as ‘shear connections’, ‘compression
connections’ etc. However, very often the structural connections should be capable to transfer a
combination of these basic actions.

Shear transfer is required at joints between precast wall elements and between floor elements. At
longitudinal joints between hollow core units shear transfer is required horizontally as well as
vertically. Connections between precast beam elements or floor elements and a cast insitu topping may
require shear resistance to obtain an adequate behaviour in the final state.

The ability to transfer tensile forces is normally secured by means of various types of tie bars,
anchor bars and other connecting devices of steel. Tensile capacity is often required between wall
elements used for stabilisation, between floor elements and between precast floors and their supports.
Depending on the position of the ties these connections can be more or less capable of transferring
bending moments, even if this was not intended by the design. Unintended tensile resistance can
sometimes appear in connections, for instance due to bond between the short end face of a floor
element and the joint concrete in the support joint nearby. Unintended tensile or flexural resistance
may result in undesirable restraints that must be considered in the design, see Section 3.5.2.

Transfer of compressive forces is an important function of connections at horizontal joints in
precast walls, in connections between precast column elements, and at support connections of precast
beams.

Flexural resistance is required for instance when a precast column is fixed at the base, or when
continuity is needed at interior supports of beams or floors. Also for beam/column connections in
moment resisting frames, flexural resistance may be required.

Torsional capacity is needed at support connections of simply supported beams that are loaded
eccentrically with respect to the sectional shear centre. This may for instance be the case for one-sided
ledge beams used for precast floors.

Many structural connections should be able to transfer more than one type of basic action. For
instance connections at the short ends of floor elements may need, besides the primary support action,
both shear resistance along the support and tensile resistance across the joint. In support connections it
may also be necessary to combine the ability to transfer forces with the need for movement.

Design of connections with regard to the ability to transfer forces must be based on the knowledge
and understanding of basic force transfer mechanisms. Some of these are specific in precast structures.
Basic force transfer mechanisms are presented in Chapters 6 - 9 together with typical connections
where they are utilised.

3.3.2 Mechanical characteristics

The mechanical behaviour of a structural connection can be characterised by the relationship
between transferred force (principal action) and the corresponding displacement, for instance relations
between tensile force and elongation (crack opening), bending moment and rotation, shear force and
shear displacement (slip).
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A principal load-displacement relationship is shown in Fig. 3-2. In ordinary design, the maximum
resistance Smax and the stiffness K=S/u in the service state are of primary interest. Very often the load-
displacement relationship is non-linear and a characteristic stiffness to be used for service state
verification can be defined by the secant modulus of a certain appropriate load level.

transferred force S

?

Smax - resistance Spax

residual capacity S;

Sr -
strain energy Win

displacement u

1 >
ultimate
displacement uy

Fig. 3-2: The mechanical behaviour of a structural connection can be characterised by a load-displacement
relationship for the primary action

To evaluate the effect of deformations, movements and possible restraints in the structural system,
it is necessary to have knowledge about the displacements that develop in the structural connections
when they are loaded. In case of excessive loading, due to unexpected restraint forces or accidental
actions, a ductile behaviour of the structural connections is most desirable.

The parameters ‘deformation capacity’ and ‘ductility’ are often misunderstood and confused. The
deformation capacity of a connection refers to the maximum displacement that is possible to reach
before a total degradation, but says nothing about the shape of the load-displacement relationship.
Ductility is the ability of the connection to undergo large plastic deformations without a substantial
reduction of the force that is resisted. The ductility is often expressed by the ductility factor x, see also
Fig. 5-20.

P (3D

where u., = maximum deformation without a substantial reduction of the resisted force

u, = deformation when a plastic behaviour is reached

Various parameters describing deformations can be used to determine the ductility factor, for
instance displacement, rotation, slip, strain, and curvature. The ductility factor says something about
the shape of the load-displacement relationship, but not about the deformation capacity as such.
Connections may have different deformation capacities but still the same ductility.

However, the ductility factor is a rather primitive measure to express the ductility, since it is in fact
anticipated that the load-displacement relationship is ideally elastic-plastic. For general non-linear
load-displacement relationships, there will be problem to define the characteristic deformations uy and
Umax that cannot be determined precisely from the curve.

The parameter ‘relative strain energy’ &u) is proposed as a more general measure to express the
ductility numerically, [Engstrom (1992)]. This parameter can easily be defined for any type of load-
displacement relationship.
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The strain energy Wiy that is consumed when the connection is strained corresponds to the area
defined by the load-displacement relationship. For any value of the displacement u the strain energy
can be expressed as

W, (u) = j-S(u)du (3-2)

For the same displacement u the relative strain energy is defined as

— Wint (U

sy (3-3)

¢(u)

max

Hence, the expression (3-3) is the ratio between the average force applied during the displacement
u and the maximum resistance Sma. This ratio, determined for the ultimate displacement u,
(deformation capacity), defines the final strain energy or the strain energy capacity &(uy).

(o) gt (3-4)
u

max u

The relative strain energy capacity will always have a value 0<£&(u,) <10 and an ideally plastic
behaviour gives &u,) = 1, see Fig. 3-3. An ideally elastic behaviour, which is not ductile at all, gives
the value &u,) = 0,5. The higher value of the ratio (3-4), the higher is the ductility of the considered
connection.
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Fig. 3-3: Examples of how the relative strain energy capacity depends on the shape of the load-displacement
relationship, according to Engstrom (1992)

In connections with a brittle (non-ductile) behaviour, failure typically appears when or very soon
after the maximum resistance is reached, while ductile types of connections can withstand further
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deformations after reaching a resistance corresponding to yielding. This is a very favourable behaviour
in case of overloading by restraint forces. The restraint force depends on the deformations and is
reduced when the connection is yielding. Due to the ductile behaviour, the resistance still remains after
some plastic deformations. In case of accidental actions, fire etc, the plastic deformations due to
overloading make it possible to get favourable force redistribution.

3.4 Design of connection zones by the strut-and-tie method

Structural connections and connection zones of precast concrete elements are often subjected to
high concentrated forces. When these forces are transferred through the connection and further into the
adjacent elements, they are spread across the sections into wider stress distributions. The deviation of
forces (i.e. change of directions) and spread of stresses often lead to high transverse stresses. If the
concrete tensile strength is reached, cracks will appear in these zones. In case of improper detailing
these cracks might result in damages, which in turn may limit the capacity of the connection, for
instance due to splitting failure in a support region.

In this context it is appropriate to distinguish the B-regions and the D-regions of the precast
concrete elements, see Fig. 3-4. In the B-regions, the hypothesis of Bernoulli of a linear strain
distribution across the section can be applied. Here the sections can be analysed and designed
according the traditional approach for reinforced or prestressed concrete cross-sections subjected to
bending moment with or without an axial force. In the D-regions (discontinuity or disturbed regions)
the strain distribution can deviate considerably from a linear one and other methods are required for
analysis and design. Because of geometrical and static discontinuities in the structural connections, the
connections zones should be considered to be discontinuity regions. In fact, the connection zone of a
precast concrete element could be defined as being the discontinuity region.
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Fig. 3-4: Examples of D-regions of structural elements, adopted from Schlaich and Schafer (1991)

38 3 Basic considerations for the design of structural connections



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.

It is quite normal that reinforced concrete structures crack when they are subjected to load.
However, the cracking can be controlled by an appropriate amount and arrangement of reinforcing
steel. In the service state cracking should be controlled and crack widths kept to allowable values with
regard to the risk of corrosion and appearance. In the ultimate limit state the resistance should be
sufficient in spite of the cracks. The reinforcement should be designed and arranged so that the stress
field that develops in the cracked reinforced concrete can stay in equilibrium with the applied loads.

The ‘strut-and-tie method’ is an appropriate tool to design the connections zones and check that
the equilibrium conditions are satisfied in the ultimate limit state. The method also reveals the flow of
forces through the structural connection and, thus, helps the designer to understand the behaviour and
find a proper detailing, which is consistent with the intended behaviour.

The strut-and-tie method is based on theory of plasticity and gives theoretically a lower bound
solution, i.e. the failure load calculated on basis of the chosen strut-and-tie model will be smaller than
or equal to the theoretically correct failure load. Under the condition that the critical regions within the
connection zones have sufficient plastic deformation capacity, the solution will be on the safe side.

The designer will choose a strut-and-tie model that simulates the stress field in the reinforced
cracked concrete and stays in equilibrium with the design load and design and detail the connection
zones consistently, see Fig. 3-5.
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Fig. 3-5:  The connection zones of precast concrete elements are typical discontinuity regions. The strut-and-tie
method can be used to study the flow of forces and as a basis for design and detailing, a) design and
detailing of a column head, b) design and detailing of a column corbel

The members of the strut-and-tie system, i.e. ties, struts and nodes, are checked with regard to their
strengths. As long as the chosen stress field is in equilibrium with the applied load and no critical
regions are overstressed above their strengths, the stress field is theoretically a possible one. However,
the actual stress-field in the structure under the applied loads may be different, since the structure
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itself, by means of the detailing that the designer has provided, can find a more effective way to carry
the load. In this way the actual solution will theoretically be on the safe side.

For small loads the concrete remains uncracked and the reinforcement has only a very small
influence on the behaviour. In this stage the concrete has an almost linear elastic response and the
behaviour of the connection zone could be examined by linear analysis based on theory of elasticity
for a homogenous material. Linear analysis results in one unique solution, i.e. a stress field. Typical
for this solution is that when the load increases, the stress field configuration remains the same and the
magnitude of the stresses increases in proportions to the applied load.

However, when the load increases the concrete will crack. The reinforcement placed across cracks
will now have a significant influence on the behaviour. The stiffness properties before and after
cracking will be quite different. The actual stress field will depend on the actual stiffness properties,
which in turn will depend on the actual state of cracking and the reinforcement arrangement.
Therefore, different reinforcement arrangements will result in different stress fields, which in turn will
deviate from the one, found by linear analysis. Under increasing loads the cracking will develop more
and more, which results in a continuous change of the stiffness properties and of the corresponding
stress field configuration. This is known as stress redistribution due to cracking.

At high loads critical points in the connections zone will be stressed to their strengths. Both
concrete in compression and steel has a plastic behaviour at high strains. Due to this plastic behaviour
in some critical points, the stiffness properties of the connection zone will change again, which results
in a change of the stress field. When the load increases further, the stresses of these critical points
cannot increase any more, but will be limited to the strength that was provided by the designer. This
change of the stress field configuration is known as plastic stress redistribution. Plastic redistribution
continues with increasing load until the plastic strength is reached in so many critical points that the
load cannot be increased further. This load should correspond to the design load and the final stress
field will be the one that was simulated by the strut-and-tie model. It is finally reached by successive
stress redistribution. Hence, the structure has to follow the intention of the designer by using the
capacities that are provided. For this reason the design problem can be solved by alternative designs,
as long as they all fulfil the basic equilibrium conditions.

The plastic stress redistribution will require substantial plastic deformation capacity of the critical
points that reach their strength early. The theory of plasticity assumes that the materials have an
ideally plastic behaviour with unlimited plastic deformation capacity. In this respect there is a
deviation between theory and reality. Reinforced concrete has a limited plastic deformation capacity.
The knowledge about the plastic redistribution, need for plastic deformations, and plastic deformation
capacity in connection zones with alternative designs is very limited. For this reason the designer
should be careful in the choice of strut-and-tie models to avoid models that will require large plastic
redistribution.

Therefore, it is generally recommended not to deviate too much from the elastic stress field found
by linear analysis. However, it is not at all necessary to accurately follow the elastic stress field, as this
will never be the actual one in cracked reinforced concrete. Instead the freedom allowed should be
used to find strut-and-tie models that result in practical reinforcement arrangements.

For more information about the strut-and-tie method and check of struts and nodes, reference is
made to Schéfer (19993, b).

3.5 Need for movement and restrained deformation
351 Consideration of the need for movement

The needs for movement in a structural system are due to the service load, concrete creep and
shrinkage, temperature variations, support settlements etc. This is very important at connections where
various structural elements meet and may be restrained by each other. If the need for movement is not
considered there will be a risk of damage to the connection zones. Such damage can be especially
dangerous when it appear in support regions, see Fig. 3-6. The need for movement can be considered
in two principally different ways.
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Fig. 3-6: Examples of how connection zones can be damaged because of movements of the of the precast
elements

One extreme way is to fully satisfy the need for movement by detailing the connection so that the
corresponding movement can fully take place without restraint. Freedom for movements can be
achieved by providing sliding bearings, hinge details etc. Force transferring details can be provided
with gaps, slots etc., so that force is not transferred before the need for movements becomes greater
than expected, for instance in case of accidental actions and other extreme load cases. Design of
connections with soft bearings is treated in Section 6.5.

The other extreme alternative is to fully prevent movements between adjacent precast elements. In
this case the connection and the elements must be designed to resist the corresponding restraint forces
that will develop. The restraint forces can be considerable and it is in practice not possible to fully
prevent movements to occur.

In practice structural connections where movements are prevented will give partial restraint. The
restraint forces may develop before and whilst movements are taking place, for instance frictional
forces before and whilst a precast element slides on its support or when a rubber bearing deforms.
When some little movement is possible by deformation of connection details and of the connection
zones, the restraint forces will be considerably smaller than the theoretical ones calculated under the
assumption of full restraint. Therefore it is worthwhile to consider such flexibility of the strained
components. However, an accurate consideration requires knowledge about the load-displacement
relationship of the structural connections. This knowledge is often missing and the analysis must be
based on reasonable estimates.

A design on the basis of partial restraint in the connections will result in a distribution of
movements in the structural system instead of a concentration of movements to special movement
joints. This may result in limited cracking in grouted joints or in cast insitu concrete toppings. In this
case the structural connections should be designed in such a way that single, wide cracks are
prevented. Special concern is required in areas where cross-sections are changed abruptly and where
the need for movements can be especially large.

In simply supported structural members the prestressing force is applied in the lower part of the
section, and consequently the creep deformation under the prestressing force results in an overall
shortening of the member and a negative curvature. The vertical load results in a positive curvature.
As a result the end face of the precast element will both move and rotate. When these displacements
are added, it is often found that the bottom edge needs to move more than the upper edge. Hence, in
order to avoid restraint from connection details it is better to place the connecting devices at the upper
edge, see Fig. 3-7. This might be of importance for beams and slabs with substantial depth.

Beams in buildings are often bolted at the supports or connected by dowel pins. Deformations,
caused by shrinkage or thermal strain, result in a need for movements at the supports. When the
bolthole is left open without grout, the need for movement may be restrained by friction but not by the
bolted connection itself. When the bolthole is grouted, the restraint force is more effectively
transferred to columns and other parts of the structure. The actual restraint forces depend on the
stiffness of the beam as well as the stiffness of the supporting members. This results in an intermediate
situation where the need for movement will not be fully satisfied, but the actual movement that occurs
is transferred to the columns. These movements are normally not taken into account in the design if
there are expansion joints at regular distances. In some cases, when the expansion joints are placed at
long distances or when the plan of the building is not symmetrical, or has a not normal shape, some
problems might arise in the structure induced from these movements.
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Fig. 3-7: The movement of the end face of a precast prestressed element can often be greater in the bottom
edge than in the top edge. To avoid restraint connection devices should better be placed at the top

Non-structural facade panels can be placed in the buildings horizontally between vertical supports,
or vertically between horizontal supports, see Fig. 3-8. When the wall elements are placed vertically,
all columns in one single frame will get their horizontal loads from the roof. However, when the wall
elements are placed horizontally, the column at the facade is loaded by a distributed wind load, while
the other columns in the single frame get their horizontal loads from the beam only. This leads to
different types of moment diagrams for different columns in the frame, see Fig. 3-8.

In both cases the panels are tied to the main structural system. Vertical panels are supported on a
small linear foundation and tied normally to a horizontal beam on top. The support connection at the
foundation has to allow rotation of the panel and the tie connection at the top has to allow vertical
movement. The panels have thermal movements, which can be large in high temperature. The panels
have a need to curve due to the temperature gradient, which normally develop in insulated panels.
However, if the ties at the top do not allow the panel to move vertically, the panel is clamped and the
prevented need for expansion will lead to bending stresses and further curvature.
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Fig. 3-8: Non-structural cladding panels can be placed horizontally or vertically

In horizontal panels a similar phenomenon may occur. The panels are normally connected to the
columns of the main structural system. It is desirable that the panels can move in relation to the
fixation points so that thermal movements can take place without restraint. However, if the panels also
are connected longitudinally to each other, the need for thermal movements will increase as in this
case the whole wall needs to move as one unit.

Because of the uncertainties, both in the estimation of the need for movements and in the
estimation of the flexibility of the structural connections, the real need for movements may exceed the
calculated one. Therefore, the connections should preferably be designed and detailed so that brittle
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failures are avoided, if the connections are overstressed due to an unexpectedly high restraint force or
in case of fire or accidental action. In this case a ductile behaviour is favourable. When overstressed, a
brittle connection will fracture, but a ductile connection will yield under more or less constant force.
This means that the resistance of the ductile connection remains. When this connection deforms, the
need for movement decreases and so will the restraint force until a new state of equilibrium is
obtained. Large movements may occur but the resistance of the connection remains without damages
to the connection zones. In order to have a ductile behaviour in structural connections, the strengths of
the various components of the connection must be balanced to each other. The principles for this are
presented in Section 3.6.

35.2 Unintended restraint
3.5.2.1 Risk of unintended flexural cracks

Although precast elements are normally designed as simply supported to aid fast erection, there is
normally a difference between the conceptual idea of the connection behaviour and the real conditions
in the completed connection — a typical example is shown in Fig. 3-9. In design a simple mechanical
model has been used assuming ‘pinned’ conditions at the supports. However, for several reasons, such
as the need for structural interaction between walls and floors, and need for structural integrity and
robustness, the connections are completed with small quantities of reinforced concrete sufficient to
cause a so-called ‘unintended’ restraint.

The elements can also be ‘clamped’ in the connection between other elements. Restraint forces can
also occur due to intrinsic effects, such as shrinkage, creep and thermal strains, where there would be
no stress if the deformation of the precast element develops freely. Even if the unintended restraint is
ignored in the design of the elements themselves, the consequences must be evaluated and appropriate
measures should be taken to avoid possible problems.

Fig 3-9: Differences between the mechanical model used in the design (top) and the real condition in the
completed connection (bottom).

In many cases the precast elements are strong enough to resist the stresses arising from unintended
restraint. In other cases the tensile strength may be reached and cracks develop as a consequence.
Often limited cracking can be accepted, but in certain cases cracking can be dangerous with regard to
the load-bearing capacity of the elements. For example, when the connection zone is not provided with
reinforcement in the upper part of the section, flexural cracks starting from the top can open up
considerably and significantly reduce the shear capacity of the section. Especially dangerous are
cracks in locations away from the support, since the bottom concrete cover might spall off when the
shear force is resisted mainly by dowel action of the bottom reinforcement as shown in Fig. 3-10 a.
Such crack locations are therefore considered as unfavourable in relation to crack positions at the edge
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of the support, see Fig. 3-10 b. In the latter case the shear transfer by dowel action of the bottom
reinforcement can be balanced by the support pressure.

a) b)

Fig 3-10:  Various locations of a flexural restraint crack, a) unfavourable location where shear transfer by
dowel action of the bottom reinforcement might spall off the bottom concrete cover, b) preferred
location where shear can be transferred by dowel action balanced by the support pressure

Restraint stresses can occur due to load-imposed deformations, for instance when the support
rotation due to the service load cannot develop freely but a negative moment arises, see Fig. 3-11.

The bond between the joint face of the precast element and the joint fill can be significant. It has
been observed that the bond in joint interfaces can be of the same magnitude as the tensile strength of
the joint filling material, grout or concrete, [Lundgren (1995)]. Since the bond across a joint interface
is normally a brittle and unreliable parameter, it cannot be utilized in design. Consequently, the joints
are assumed to be cracked. However, in practise they can often remain uncracked and transfer
considerable tensile stresses that were not accounted for in the design.

- i

Fig. 3-11: A negative moment at the support may develop when the element is subjected to service load
because the support rotation is fully or partly prevented

3.5.2.2 Unintended restraint of hollow core floor units

Hollow core floor units are normally designed to be simply supported and to resist shear and
bending mainly in the longitudinal direction. However, the design and detailing of the support
connections often result in restraining effects. Since hollow core elements normally have no top
reinforcement and no shear and transverse reinforcement, it is necessary to carefully consider the risk
that cracks caused by unintended restraint reduce the shear capacity of the element.

Some possible causes for restraint at floor-wall connections are shown in Fig. 3-12. The causes can
be clamping between wall elements at the end of the hollow core element, frictional forces developing
between the floor and wall elements, bond stresses between the end face of the hollow core unit and
the joint grout/joint concrete, dowel action from the concrete that is allowed to fill the cores at the end
of the hollow core unit, tie bars.
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As described in Section 3.5.1 (Fig. 3-7), the end displacement of a prestressed slab varies with the
amount of prestressing, dead loads, live loads, slab thickness, span length etc. It should be noted that
the result is often as shown in Fig. 3-7 and not as shown in Fig. 3-12.

Fig. 3-12: Possible causes for unintended restraint of hollow core units at the support connection

The actual restraint moment M in the connections depends on the actual need for deformation
(rotation and overall shortening) and the stiffness of the elements involved. The restraint moment can
never exceed the capacities of the connection details. To estimate the restraint moment, the following
expressions (3-5) and (3-6) are recommended, [EN 1168 (2005)]. It is not necessary to consider the
effect of friction or of the tie bar when the joint interface is still uncracked. The total normal force is
used as a conservative assumption.

End face assumed to be uncracked:

M + foy Wy (3-5)

restr — o
3

NI+ f, - A-d+ N -h (3-6)

where 4= frictional coefficient at top edge
fej = tensile strength of joint concrete
N: = total normal force in the wall at the top edge
W = sectional modulus of the joint interface (the whole joint
interface including the cores)

To estimate the maximum axial restraint force Ni.s, that can develop, the following expressions are
recommended.

End face assumed to be uncracked:

Nrestr = fctj : Aj (3'7)
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End face assumed to be cracked:

N ZMJrfy.AS (3-8)

restr
2

where A; = full area of joint interface (including the cores)
L, = frictional coefficient at bottom edge
N, = total normal force in the wall at the bottom edge

The end zone of the hollow core unit should be analysed with regard to the risk of cracking taking
into account the restraint effect, ordinary loading and the effective prestressing force. Within the
transfer length the development of the prestressing force must be considered. Near the support the
prestressing force may be insufficient to prevent a possible crack, starting from the top, from
propagating deeply into the section. A deep crack may result in a considerable reduction of the shear
capacity. There are in principle three ways to handle this risk:

— the connection can be designed to be effectively simply supported, see Fig. 3-23

— the restraint moment can be reduced or limited so that restraint cracks are avoided

— arestraint crack in the preferred location, see Fig. 3-10 b, is permitted and the connection zone

is strengthened so that the shear capacity is sufficient in spite of this crack

In the two last cases the following measures should be taken to reduce the risk of cracking in
unfavourable positions (Fig. 3-10 b) within the critical region where there is a significant tensile stress
in the top of the section:

— transverse slots or other weaknesses should be avoided

— the concrete fill in cores without tie bars should not extend outside the wall in case of straight

ends of the hollow core units (Fig. 3-13 a), or not outside the transverse recess in case of
slanted ends (Fig 3-13 b)
— tie bars anchored in cores or longitudinal joints should not be cut off within the critical region

The restraint moment can be reduced by limiting the load on the wall, i.e. limiting the number of
floors or providing soft joint fill that prevents wall load from entering the end zones of the hollow core
unit(s), see Fig. 3-13 a. To avoid direct loading from the wall and facilitate crack formation in the
preferred location, the hollow core unit(s) could be provided with slanted ends as shown in Fig. 3-13 b

thin layer of
P.U. foam,
polystyrene or
similar

\neopren

a) b)

Fig. 3-13: Measures to limit or avoid restraint moment at the support connection of hollow core elements, a)
use of soft joint fill, b) slanted ends

In case of high wall loads restraint cracks can not be avoided and the elements need to be
strengthened by placing additional reinforcement bars in concreted cores or grouted joints, see
Fig. 3-14. The purpose of the tie bars is to increase the shear capacity of a cracked section in the
favourable position (Fig. 3-10b). The following aspects should be considered:
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— The reinforcement used for strengthening should be placed in the upper part of the section
(above mid-depth) in addition to the ordinary tie bars, which are placed in the lower part of the
section.

— The additional reinforcement bars should be anchored so that they are able to transfer their
yield load in the assumed crack section.

— The amount of reinforcement in the upper part should be limited so that no further flexural
cracks (from a negative bending moment) appear in unfavourable locations after formation of
the first crack in the preferred location.

>y (+ Ib,pl) > |y (+ Ib,pl)

> it > Loyt

Fig. 3-14: Strengthening of the end zones of the hollow core elements by tie bars placed in concreted cores

Test results [VTT(2002, 2003)] show that there is a considerable shear capacity of a cracked
section when the crack is in a favourable position. This can be explained by the following
mechanisms:

— Shear capacity of the bottom compressive zone below the tip of the crack

— Dowel action of the bottom strands balanced by the support reaction

— Friction and interlocking effects along the crack as long as the crack is kept together by

reinforcement in the upper part of the section.

Another case of unintended restraint of hollow core floors appears when the floor is connected to a
stabilising unit, e.g. an elevator shaft, along the longitudinal edge of a hollow core unit. Then the
hollow core units near this connection will act as supported on three sides and the restraint may result
in unexpected cracking.

3.5.3 Unintended composite action

Where composite action between the precast element(s) or cast insitu infill is used, unintended
restraint can occur in the precast elements. The most common situation is a negative moment capacity
provided in a reinforced concrete topping, which is not accounted for in the precast element. Similarly,
where floor elements are connected to a supporting beam, they will increase the overall flexural
stiffness of the beam and they can to some extent be included in the composite beam section. In such
cases the elements, their connection and details should be designed consistently in accordance with the
assumed structural behaviour.

However, it is not possible to draw the conclusion that composite action will not be there if it was
not utilized in design. For example, where precast floor elements are placed on slender beams and
connected together composite action will follow by intention or not. It is thus possible to speak about
‘unintended composite action’ in a similar way as for ‘unintended restraint’.

Hollow core units are normally designed according to a simplified model assuming simply
supported ends on rigid supports. However, in the real situation the supporting beam may be flexible
and the hollow core units are grouted and connected together and to the supports. Hence, when the
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beam is loaded and deflects, the hollow core elements will, due to compatibility reasons, increase the
stiffness of the beam. However, transverse tensile stresses appear in the hollow core elements when
they too deform, as shown in Fig. 3-15. These stresses are added to other stresses that normally appear
and as a consequence cracks may appear and the shear capacity of the hollow core units may be
reduced. This matter of ‘unintended composite action’ is addressed in fib (2000a). Reference is also
made to Pajari and Kloukkari (1998) and Pajari (1998).

B

Fig. 3-15: Unintended composite action results in tensile stresses in hollow core units when they are placed on
flexible supports, adopted from Leskela and Pajari (1995)

3.5.4 Full and partial continuity

The connections in a precast concrete structures will give a certain restraint that in most cases is
‘unintended’, even though they are designed as simply supported. The connections have finite stiffness
and moment capacity, but are normally weaker than the connected elements, often considered to be so
small that they are ignored.

In some cases full continuity of the precast structure is aimed at, trying to simulate a cast insitu
structure. This leads as a rule to rather complicated connections as it is difficult to obtain full
continuity across joints, particularly in the soffit and exterior sides.

Intermediate situations, known as ‘semi-rigid’, often occur in precast construction. Although the
stiffness and capacity of the connection may be considerably smaller than in the elements, the stiffness
and the resistance of the connection are accounted for in design. Fig. 3-16 shows how a moment
resisting connection can be classified as fully rigid, semi-rigid, or pinned depending on its moment-
rotation characteristics in relation to the strength and stiffness of the structural elements.

M

connection
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A R,beam
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moment M full strength
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Fig. 3-16: Classification of moment-resisting connections as fully rigid, semi-rigid or pinned/flexible, adopted
from Leon (1998)

Partial continuity occurs in composite precast floors with multiple spans. The floor elements are
erected as simply supported and will carry its dead weight in this way. Then the floor is completed
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with structural connections or a structural topping to resist negative bending moment that appears at
interior supports for imposed service load. Therefore reinforcement is only placed in the topping and
no reinforcement is used in the bottom of the slab at these sections.

In some cases it may happen that positive moments are to be resisted at internal supports due to
wind, thermal, creep or redistribution effects. Therefore, when only negative reinforcement is used at
the support, the designer has to check that no positive moments will be expected due to the conditions
mentioned above. Design of floor connections for partial or full continuity is treated further in
Section 9.6.

Another case of partial continuity is when connections in beam-column systems are very
deformable in relation to the structural members. In that case the deformations of the connections must
be considered as concentrated rotations in the structural analysis. When connections are weak in
relation to the structural members that they connect, they are classified as ‘semi-rigid connections’.

Often connections that are considered as pinned could be treated as ‘semi-rigid’, if the restraint that
they normally provide is accounted for in the design. One example of such connection is shown in
Fig. 3-17. More examples of semi-rigid connections in precast structures are given in COST C1
(1998).

continuity
reinforcement

threaded bars
- precast concrete

[ cast in-situ concrete

@@ Mmortar

Fig. 3-17: Example of bolted connection that is often considered as pinned, but which could in many cases be
treated as a semi-rigid connection

3.6 Balanced design for ductility

Even an uncomplicated connection, like the tie connection shown in Fig. 3-18, in which the tensile
force is transferred across the transverse joint by one tie bar only, can be considered as links of a force
path. All the links contribute to the global load-displacement relationship of the tie connection.
However, normally only certain components of the connection can contribute to the global
displacement with large plastic deformations. These elements can be identified as the ductile ones. In
the single tie bar connection in Fig. 3-18, the tie bar and the anchorage at each side of the joint can be
considered as force transferring links, where the tie bar is the ductile component.
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Fig. 3-18: Tie connection between precast concrete elements

The aim of a balanced design for ductility is to ensure that the full deformation capacity of the
ductile links can be mobilised. Brittle failures in the other elements should be prevented before the full
plastic deformation is obtained in the ductile ones. Hence, the other links should be designed to resist
not only the yield capacity, but also the ultimate capacity of the ductile ones with a sufficient margin.
In this respect, an unexpectedly high value of the ultimate strength of the ductile component is
unfavourable and should better be considered in the design by introduction of characteristic high
values.

The principle for a balanced design is illustrated in Fig. 3-19 on a more complex tie connection.
The ribbed anchorage bars are identified as the ductile elements and presumed to have the most
important contribution to the plastic displacement. All the other components, i.e. the anchorage of the
embedded bars, the steel angles, the transverse steel rod and the welds, should be designed to resist an
unexpectedly high value of the ultimate capacity of the anchor bars.

weld with overcapacity
] \A
Ccrit )I( ______________________

e

weld with overcapacity

anchorage with
overcapacity

tie bar, the ductile component

Fig. 3-19: Example of balanced design for ductility of a tie connection. The anchor bars are the ductile
components. The other components, including the anchorage of the bars in the concrete elements,
should be designed in order to resist an unexpectedly high value of the ultimate capacity of the
anchorage bars

The anchorage capacity of tie bars should be subjected to certain attention. In order to avoid brittle
failures initiated be splitting cracks, sufficient transverse confinement should be provided, for instance
by transverse reinforcement or a concrete cover exceeding a critical value c.i. For straight bars, the
anchorage length should be sufficient to prevent brittle pullout failure. In this respect, the possible
yield penetration in the plastic stage should be considered. When connection details are placed near
free edges of the element, the concrete cover of the anchorage bars may be less than the critical value
concerning brittle splitting failure. In such cases the bar could be bent into a zone with sufficient
concrete cover and anchored by a sufficient anchorage length within the safe zone. The principle is
illustrated in Fig. 3-20. Alternatively, transverse reinforcement can be provided in the anchorage zone.

Furthermore, the detailing should facilitate welding of high quality and a sound and safe force path
through the entire connection. The tendency of bent bars to straighten when loaded should be
observed. The strut and tie method could be used to check the equilibrium system, see Section 3.4.
More information on anchorage and detailing of anchor bars is given in Section 7.2.4
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Fig. 3-20: Examples of balanced design for a ductile behaviour. The bar is anchored is a safe region to
prevent splitting failure. Furthermore, the anchorage length is increased with an additional amount
I, compensating for the yield penetration in the plastic stage; a) the concrete cover exceeds the
critical value with regard to splitting; b) the bar is bent into the safe zone where it is properly
anchored by a sufficient anchorage length

When tie bars are anchored in narrow joints or recesses, additional precautions are needed to
ensure efficient anchorage. This is especially true when there is a risk of improper encasing of the bar
or uncompleted fill of grout or concrete in the joint or recess, see Section 7.2.5 for more information
on the subject.

3.7 The flow of forces through connections - examples

The term structural connection is not limited only to the area where two (or more) elements meet -
it includes the zones adjacent to both elements in which the transfer of the forces takes place. In these
congested zones, the forces have to be safely transferred and the reinforcement sufficiently anchored,
otherwise the connection will not work properly.

The designer should draw an engineering model (scheme) of the path of the forces in the
connection, for example as shown in Fig. 3-21, and design the joint and the adjacent zones
accordingly.

The strut-and-tie model is in this respect a simple and convenient tool, see Section 3.4. The
designer should check that the path of the forces is uninterrupted and that the forces can be generated
and resisted in every location along the path, including anchorage of tensile forces. If deformations
due to shrinkage, creep, or other reasons are expected, it should be checked whether they could be
allowed to freely take place. If these deformations are restrained, or partly restrained, the resulting
forces have to be added to other acting forces in the connection and incorporated in the design of the
connection to prevent damage or cracks. The designer should also keep in mind the influence of the
execution and the workmanship on the performance, quality, and the intended flow of forces in the
connection. Three examples are given to demonstrate these principles:

Fig. 3-22 shows a compression loaded mortar joint for the columns and a half-joint for the beams.
Solution A will give an excellent performance - the joints are easily accessible for workers and the
large forces in the columns are readily transferred from one column to another. Solution B, with a
beam passing over the column and one half beam joint, say at one fifth of the span, will give better
moment distribution over the beams, but most probably a poorer performance at the column
connection. The column connection, which now consists of two mortar joints, will have to overcome
the following two handicaps:

— As the beam passes over the column and has a certain negative moment, its top filaments will
elongate. This elongation transferred through the mortar joint to the underside of the upper
column will negatively influence the bearing capacity of this column, as it will tend to undergo
the same deformation and split

— The joint at the underside of the beam is in turn difficult to reach. Placing of the mortar is
difficult, resulting (most probably) in bad quality and subsequent poor force transfer.
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Fig. 3-21: Engineering strut and tie model for column-beam connection
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Fig. 3-22: Two alternative solutions for column-beam detailing in precast concrete. Solution A. will perform
better than solution B
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Fig. 3-23 gives an example between wall elements and two hollow core floor units. Solution A
will give the best structural result. The prestressed floor units, which are normally designed for
positive moments only, are free to deform and rotate at their bearings and the generally large forces in
the wall elements can be directly transferred from one wall element to another.

Solution B has the following disadvantages:

— The precast prestressed hollow core slabs might be clamped in between the wall elements.

Because of this the hollow core units might be exposed to negative moments, see Section
3.5.2.

— The lower joint will have a much smaller effective area to carry the vertical wall load due to
the area taken by the supports of the hollow core slabs.

— The load from the upper wall will be forced to squeeze in the concrete wedge formed by the
concrete fill in between the hollow core slabs. This change in the flow of the stress trajectories
will cause splitting forces in both ends of the wall elements.

— There is a significant risk that the quality of the concrete fill in between the hollow core slabs,
because of the limited space, will be less then required.

This means that only smaller forces can be transferred over this joint from one wall element to
another, see design example in Section 6.7.2.

A A
Vv Vv
free rotation rotation prevented
W possible by clamping
~ | | = S \I %

e=Z> splitting

===> gplitting

Fig. 3-23: Two alternative details for wall-hollow core floor connection

These two examples show how important it is to keep in mind the flow of forces through the
connection and to relate this to the influence it may have on the performance of other structural
elements.

The third example in Fig. 3-24 shows a patented® connection between precast beams and
columns. The main advantage of the so-called ‘sliding plate’ connector is that a hidden plate inside a
steel casing in the beam is pushed out and into the column unit when the beam is in its correct
position. The strut and tie model in Fig. 3-25 a shows the principal function of the vertical tie bars
welded to the end plate and the vertical stirrups illustrated in Fig. 3-25 b.
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Fig. 3-24: Beam-to-column connection with hidden movable steel plate, developed by Spenncon AS Hgnefoss,
Norway™

a) b)
N = Vertical support load T3 = Resulting tensile force at the
H = Horizontal support load bottom of the beam
T; = Resulting tensile force at the T4 = 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

Fig. 3-25: Design of connection zone in the beam element, a) strut and tie model representing the flow of
forces through the connection, b) arrangement of reinforcement in the connection in consequence of
the model

@ patent holder is SB Produksjon AS, Andalsnes, Norway
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4 Other design aspects

4.1 Production, transportation and erection
4.1.1 Considerations in production

The general rule is that the connection device must be as “foolproof’ as possible. It should be
possible to place it in the mould correctly oriented and within the necessary tolerances, with a
minimum of effort.

(1)  Avoid congestion

At the location of connections additional reinforcing steel, embedded plates, inserts, block-outs
etc. are frequently required. It is not unusual that so many items are concentrated in a small location
that very little room is left for the concrete. It must be kept in mind that reinforcing bars and
prestressing strands, which appear as lines on the drawing, take up real space in the elements.
Reinforcing bars require more space than their nominal diameter, and there must be room for the
curvature of bent bars. If congestion is suspected, it is helpful to draw large-scale details of the region
in question.

(2)  Avoid penetration of the forms

Units requiring holes in the forms should be avoided if possible, especially in steel moulds.
Exceptions to this rule can be made if there is a substantial amount of repetition in the production.
Holes in the forms may be necessary not only because the units are protruding from the elements, but
also for the arrangement used to keep the units in place during casting.

The units must also be designed so that they do not make the dismantling of the form impossible
without damage to the form. Most forms are supposed to be used more than once.

Connection units to be placed in the top surface during casting should be secured against the edges
of the mould using purpose made holding devices. These devices are mostly costly, make it more
difficult to obtain a smooth surface, or the holding device may hamper the placement of concrete or
other surface material. The various disadvantages have to be evaluated before selecting the method.
However, if the same steel plate is placed in the bottom of the form, it can be located with great
accuracy, as it can be fixed to the bottom directly.

(3)  Reduce post-stripping work

A plant casting operation is most efficient when the product can be taken directly to the storage
area immediately after removal from the form. Any operations required after stripping and before
erection, such as special cleaning or finishing, welding on projecting hardware etc. should be avoided.
These operations require additional handling (increased possibility of damage to the elements), extra
workspace and added labour, often with skilled trades. Sometimes a trade-off is necessary between
penetration of the forms and post-stripping work.

(4)  Use repetitious details

It is very desirable to repeat details as much as possible. Similar details should be identical, even if
it results in a slight over-design.

(5)  Use standard items
Hardware items such as inserts, studs, steel elements, etc., should be readily available standard

items that are preferably from more than one supplier. Custom fabricated or specialised proprietary
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items add cost and may cause delays. It also simplifies fabrication if similar product items are
standardised as to size and shape. There is also less chance of error. The same principle applies to
reinforcing bars, embedded plates, etc.

(6) Be aware of material limitations

Examples of this are the radius requirements for bending reinforcing bars, standard lengths for
certain sizes of inserts, etc.

(7)  Avoid non-standard tolerances

Dimensional tolerances, which are specified to be more rigid than industry standards, are difficult
to achieve. Connections, which require close-fitting parts without provision for adjustment, should be
avoided as much as possible.

(8)  Allow alternatives

Very often precasters will prefer certain details. The producer should be allowed to use alternative
methods or materials, provided the design requirements are met. Allowing alternative solutions will
often result in the most economical and best performing connections.

4.1.2 Considerations for transportation

During transportation any units protruding from the concrete element must be shielded in order not
to create a hazard to people. Protruding units must be able to withstand any shocks they can be
subjected to during handling. Protruding units, like reinforcing bars, can in many cases be difficult to
handle during transportation. For example, a wall panel shall be transported standing at the edge, but
has reinforcing bars protruding at the bottom. This will make it necessary to build up the support on
the trucks, which is costly, takes time, and makes the load less stable. This problem can be solved by
letting the bars protrude from the top of the element, but then the total height may make it difficult to
negotiate the underpasses en route. The solution may then be to have the protruding bars replaced by
insert and threaded bar, to screw in after the element has been transported to the site.

If protruding units do not create the kind of problems described above because they do not stick
out that much, there still may be some difficulties. For example: corbels pointing down during
transport may necessitate a lot of additional support provisions for the columns on the trucks. The
consequence can be a less stable load, or decreased loading capacity of the truck. This kind of problem
can be solved by making columns with the corbels in one plane only, and then place every second
column “top-to-bottom’ on the trucks. Otherwise it is also possible to look for a corbel-free solution.

4.1.3 Considerations for erection

To fully realise this benefit of fast erection of a precast structure, and to keep the costs within
reasonable limits, field connections should be kept simple. In order to fulfil the design requirements, it
is sometimes necessary to compromise fabrication and erection simplicity.

(1)  Use connections that are not weather sensitive

Materials such as grout, dry pack, cast-in-place concrete and epoxies need special provisions to be
placed in cold weather. Welding is slower when the ambient temperature is low. If the connections are

designed so that these processes must be completed before erection can continue, costly delays may
result.
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(2)  Plan for the shortest possible hook-up time

Hoisting the precast element is usually the most expensive and time-critical process of the
erection. Connections should be designed so that the unit can be lifted, set and unhooked in the
shortest possible time. Before the hoist can be unhooked, the precast element must be stable and in its
final position.

(3)  Stability of the elements

Some elements may require propping, shoring, bracing or fastening before the hoist can be
unhooked. Planning for the fewest, quickest and safest possible operations to be executed before
releasing the hoist will greatly facilitate the erection.

Bearing pads, shims, or other devices, upon which the piece is to be set, should be placed ahead of
hoisting. Loose hardware that is required for the connection should be immediately available for quick
attachment. In some cases, it may be necessary to provide temporary fasteners or levelling devices,
with the permanent connection made after the hoist is released. For example, if the permanent
connection requires field welding, grouting, dry packing, or cast-in-place concrete; erection bolts,
pins, or shims can be used.

These temporary devices must be given careful attention to assure that they will hold the piece in
its proper position during the placement of all pieces that are erected before the final connection is
made.

(4)  Stability of the structure

In every stage of the erection process the stability of the structure as a whole must be planned and
assured. If not, costly additional measures may have to be taken. The type of connection used may
play a decisive role in this.

(5)  Be aware of possible different loading conditions during erection

During erection loading conditions can occur, which induce stresses or deformations, as well in the
precast concrete units as in the connections, which are higher than those under service conditions.
When designing the connections due consideration has to be paid to these effects unless special
measures are taken during the erection, such as temporary supports etc., to prevent such situations.

(6)  Standardize connection types

All connections, which serve similar functions within the building, should be standardised as much
as possible. As workmen become familiar with the procedures required to make the connection,
productivity is enhanced, and there is less chance for error.

Some types of connections require skilled craftsmen to accomplish, for example welding and post
tensioning. The fewer of these skilled trades required, the more economical the connection will be.

(7)  Standardize sizes of components

Whenever possible, such things as field bolts, loose angles, etc., should be of common size for all
connections. This reduces the chance for error, and the time required searching for the proper item.

(8)  Use connections that are not susceptible to damage in handling

Reinforcing bars, steel plates, dowels and bolts that project from the precast piece will often be
damaged in handling, requiring repair to make them fit, especially if they are of small diameter or
thickness.
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(9)  Plan the movements

The connection detail must permit the element to be lowered into place as directly as possible — for
example bars protruding in two directions make an element impossible to erect, see Fig. 4-1. A
support or connection detail that makes it necessary to move the element horizontally in the last part of
the erection sequence is difficult to perform, and is playing hazard with the possibilities of damage to
the supports.

Fig. 4-1: Connection detail that makes erection impossible

Connection details that make it necessary to hoist the element at an angle other than horizontal
should not be permitted. The hoisting operation in itself is rather hazardous, and to manoeuvre an
element into position at a skewed angle is very difficult.

A support detail that is based on horizontal movement of the element during erection can only be
used in one end of the element; otherwise it will be impossible to erect. An example is shown in
Fig. 4-2.

Fig. 4-2:  Support solution that makes erection impossible
(10) Consider the reinforcement bar positions

Where protruding reinforcement bars or loops out of precast elements interlock or overlap with
other reinforcement bars, care should be taken to ensure that the bars do not interfere with each other
and that there is enough space (including the necessary tolerances) to place the elements in their final
position in one single operation.

This aspect should be especially looked at where precast concrete elements are connected to or
integrated in cast insitu concrete structures, since it is not a common use in the cast insitu concrete
technology to position every reinforcement bar in plan to exact measurement. See example in Fig. 4-3
where a cast insitu loop connection of precast parapet panel to cast insitu concrete floor is shown.

58 4 Other design aspects



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.

Fig. 4-3:
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Loop connection between precast concrete parapet and cast insitu concrete floor. Care should be
taken that correct position of loops is ensured
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(11)  Accessibility

The connection detail must be accessible when the element is in its final position, see Fig. 4-4. It is
often necessary to gain access to a connection after erection; to adjust a bolt, do some welding, put in
some shims, check alignment, etc. The place where this is most often forgotten is the connection detail
that connects a fagade panel to the outside of a column. It must always be possible to enter bolts, see
Fig. 4-5.
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Fig. 4-4: The connection detail must be accessible when the element is in its final position
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anchorage rail

difficult to enter
hammerheaded
bolt

maximum

length of bolt \

Fig. 4-5:  Allow room for placing of loose components

41.4 Modular co-ordination

It is important to keep the modular system in mind when the connection detail is designed. If the
connection details are adjusted for the best individual solutions in all joints, this may not be beneficial
for the overall system. It may create variations on elements that otherwise could have been the same,
and the benefit of repetition is lost. The advantages of repetition are obvious in the drafting and
production process, but it is also of importance not to loose the freedom to interchange elements at the
site. A typical example is erection of coloured facade panels, where it is sometimes necessary to be
able to sort the panels according to the shade of colour in order to achieve the best possible result.

It used to be rather common to make the corner solution for horizontal facade panels as shown in
Fig. 4-6 a. However, this solution makes it impossible to use a corner element at any other location in
the facade. The solution shown in Fig. 4-6 b can in many cases be recommended to be used instead.
This solution will necessitate one extra corner element, or some other facade material around the
column, to cover it and to insulate. However, this solution will make all facade panels of the same
length, and this advantage will probably more than outweigh the cost of the extra corner element.

a) b)

Fig. 4-6: Corner solution for facade panels, a) traditional solution with one special fagade element, b)
alternative solution with specially designed corner piece and otherwise identical elements

Another example concerns the same facade used in the previous example, in which the columns
may have concrete corbels to support the panels. In order to permit the corner columns to be cast in the
same mould as the other columns, it may be advantageous to have the panels in the gable supported by
corbels made after the column is cast. These corbels can be made of steel, welded to an embedded

fib Bulletin 43: Structural connections for precast concrete buildings 61



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.

steel plate, or concrete corbel cast as an extra operation. The important thing is to achieve a corbel
without having to do any extra formwork on the mould, and to have the extra corbel fixed in the
factory and not on site. In this way the corner columns can be cast in the same form as the rest of the
columns.

415 Tolerances

Tolerances can be defined as the maximum allowable deviation. Deviations have basically two
reasons:
— Inaccuracies caused by humans, e.g. inaccurate reading of the tape measure, or a column
erected slightly at an angle.
— Physical reasons, like the tape measure’s change of length due to temperature, or a column’s
change of length due to axial loads, temperature, or expansion of wood due to moisture.

Deviations must not be confused with outright errors, or with a planned erection clearance. The
total deviation in a prefabricated structure is the result of the following part deviations:

— product deviation,

— erection deviation,

— deviation of the work done at the site (foundations).

The reasons for the total deviation are the same for any structure where the units are produced off
site, regardless of material. However, if something is not quite right, concrete is a little more difficult
to alter or adjust compared to for instance steel or wood. Therefore one has to pay more attention to
tolerances in prefabricated concrete structures, and to develop connection details that have the
necessary room for adjustments.

A key element when designing a connection detail should always be an emphasis on making it as
adjustable as possible. Preferably the connection detail should be adjustable in three directions. This
may be difficult to combine with a requirement for simplicity, so the engineer has to use his judgement
to decide on the priorities in each case. The easiest way to make a connection adjustable is by welding;
a welded connection is automatically adjustable in two directions, limited only by the size of the steel
units. However, welding is not a desirable solution due to the reasons mentioned before: necessity of
skilled labour, different levels of quality control etc.

Fig. 4-7 shows an example of how bolted connections can be made adjustable.

washer(s) between
wall panel and column

anchorage rail for _»

hammerheaded bolts slotted hole in

embedded plate

Fig. 4-7: Adjustable bolted connection for fagades
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4.1.6 Quality control

For precast concrete structures, connections are very important. The ability of the connections to
transfer the acting forces is vital to the stability and load carrying capacity of the entire structure.
Consequently, emphasis has to be placed upon the quality control of the connection details, and at the
execution of the connections at the site.

All precasters should have a quality control scheme, and for connection details this quality control
should focus on the following items.

(1)  Material control

A system is required at the plant to ensure that all incoming units are checked to be of both the
correct quality and that the dimensions are within the prescribed tolerances. Furthermore, a storing
system that prevents later mix-up of the parts is needed.

(2)  Production control

Production control of the connection units includes a scheme of education that guarantees that the
workman knows the importance of using the right dimension and material quality. For example, is it
not satisfactory to ask for a 20 mm bolt, but to also specify the grade of the bolt. If the quality
information is not provided, for example at the drawings, this information must be demanded in order
to carry out the job. Welding done to produce a connection unit should always have some sort of
control, ranged according to the load-carrying importance of the weld. A visual inspection may be
good enough in many cases, while for the most important parts X-raying may be necessary. Welding
on galvanised steel should be avoided, but if it is necessary the size of the weld should be 30% larger
than calculated.

(3)  Production of the elements

One major aspect of the quality control system is the control of the connection units. This must be
specified as a separate item, and include the placement of the parts, a check of the material quality and
the anchorage. In the documentation of the production control the result of the control of the
connection units must be specified separately.

(4) Site control

All connections must be checked at the site. In principle this just means that all connections must
be checked twice, even though it may not be all that easy in practice.

For bolted connections the control will be to check that all nuts and bolts are properly fastened.
For connections involving grouting or gluing with epoxy the control must include both a quality
control of the grout and a check that the grout has filled all cavities properly. For welded connections
the quality control is especially important, as welding at the site is very dependent upon climatic
conditions and the skill of the welder. According to the importance of the connection, the control may
vary from visual inspection to X-raying.

4.1.7 Economy

The costs of the connection itself depend on the magnitude of the forces to be carried over and the
repetition (number of the same connections) involved. For the economically justified choice it is also
important to consider the influence, which the connection has on the total cost of the prefabricated
structure as a whole. The direct costs of the connection should be weighted against the costs of the
element manufacturing, storage, transport, erection, and finishing.
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4.2 Serviceability, functionality and durability of the building

4.2.1 Requirements in the serviceability limit state

Beside their structural function connections have to fulfil also other requirements. The choice of
connection is essential to the behaviour of the total structure. The following requirements are the most
important in the serviceability limit state:

- structural behaviour

- moisture and water tightness

- sound insulation and dynamic behaviour

- heat insulation

- durability

- aesthetic aspects and tolerances

- demountability

4272 Structural behaviour

The connection must primarily comply with all requirements in the serviceability limit state (SLS)
regarding transmission of forces, moments and permissible deformations and/or rotations. The
distribution of forces and moments should agree with the intended behaviour of the structure in the
SLS. Linear analysis is usually applied.

It is important that the deformations due to loading, creep, shrinkage, relaxation and temperature
are considered when choosing a support. If the deformations are restrained, the structure and its
connections must be designed to withstand the restraint forces. It is obvious that different connections
will have different degree of restraint to different types of stresses. Many connections will have a high
degree of resistance to one type of stress, but little or no resistance to others. In many cases it may be
unnecessary, or even undesirable, to provide a high capability to resist certain types of stresses.

Fig. 4-8: Beam-column connection with bearing pad fixed in position by dowel
For load bearing parts of the structure normal crack width criteria for concrete have to be satisfied.

For other parts the acceptable crack width is dependent on moisture penetration, tightness, sound
insulation, aesthetic aspects etc.
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Support pads of steel, neoprene or rubber, mortar joints etc. have to be designed with regard to
relevant codes, recommendations from the producers or the authorities. When designing the support,
actual tolerances must be considered.

In case of bearing pads, it is important that the bearing pad is not dislodged. A common solution is
to use a dowel passing through the pad, preventing in this way the displacement of the pad. In other
cases the pad can be glued to the bearing etc., see Fig. 4-8.

Design of connections with hard bearings is treated in Sections 6.4 and 6.7.1, and with soft
bearings in Section 6.5.

4.2.3 Moisture and water ingress control

Prevention of moisture and/or water penetration is sometimes required. Joints between facade
elements, floor elements in parking garages, roof elements etc. are typical examples.

In each case the movements from loads, temperature, creep, shrinkage etc. must be considered in
order not to impair the water tightness of the provisions that were taken. For instance the roofing
membrane must be able to follow the deformation of the joint without cracking and the mastic seal
sealing the joint must be able to elongate and shorten in accordance with the movement of the joint
without tearing off the sides or breaking.

4.2.4 Sound insulation and dynamic response to vibrations

Sound insulation between adjacent rooms in a building is dependent on both the direct
transmission between separating structural elements and the indirect transmission by the flanking
elements. In addition to this the sound insulation is also dependent on the size and sound absorption
properties of the rooms. The type of sound in a building is normally characterised as airborne or
impact sound. Both of these characteristics have to be controlled within certain limits to provide a
certain sound insulation quality in a building.

The verification of sound insulation is made by a standardized type of measuring of both airborne
and impact sound insulation. For design purpose it is important to derive methods to predict or
estimate the sound insulation properties. A method to calculate sound insulation is described in the
European standard EN 12354. It describes calculation methods designed to estimate sound insulation
between rooms in a building primarily using measured data of the participating building elements as
input to derive the effect of direct or indirect flanking transmission. The model also includes the effect
of additional layers both on the separating and flanking elements. The properties of structural
connections are included by the vibration reduction index, which describes the velocity level
difference over different type of connections.

The calculation model is rather complicated and a lot of laboratory values are needed to make an
analysis, which makes the procedure suited for computer methods. The most spread computer program
in Europe based on this standard is named BASTIAN, which contains a database of a lot of structural
building elements and different connections.

The dynamic response of a structure is an interaction effect due to the type of loading in time and
the structural properties, both static and dynamic. The influence from connections on the response is
primarily through the possible stiffening effect of the connection. By changing from simply supported
to rigid connections the mode shapes and the natural frequencies are influenced. To evaluate the
structure from vibration point of view it is important to have knowledge of both the loading type and
the acceptance level of vibration. The acceptance level is normally expressed as an acceleration level,
which may vary for different frequencies. The human body has an acceptance level for peak
accelerations ranging from 0,05 % to about 5,0 % of gravity in frequency range 4 — 8 Hz. The large
range, a factor 100, is depending of the human activity when subjected to the vibration.
Recommendations for permissible peak vibrations for human comfort are found in ISO Standard
2631-2. As a general recommendation floors with natural frequencies less than about 6 Hz need to be
evaluated from a dynamic point of view, having in mind the type of loading and acceptance level for
the intended use. Simple guidelines of floor vibration control are available in the ATC Design Guide 1
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with title “Minimizing floor Vibration’, issued from the US Applied Technology Council. There are
also given some recommendations on damping values to use for different type of structures.

For preliminary design purpose the natural frequency of a floor or a beam can be estimated by the
simple expression

18
fn - W [HZ]

where u = deflection in [mm] taken as the maximum deformation due to the
distributed load and self-weight

4.2.5 Heat insulation

The heat insulation in the precast building is strongly dependent on the detailing of the joints. To
reach small energy consumption (heating or cooling), it is important that the air leakage through the
joints is low and that the exposed elements including the joints are well insulated. Cold bridges are to
be avoided as far as possible, especially in a cold climate.

The leakage factor for the facade is normally limited to a certain value at 50 Pa pressure
difference.

4.2.6 Durability
4.2.6.1  Design with regard to durability

The connections in a precast concrete structure should be designed in such a way that their
durability achieved in the actual environment is the same as that required for the total structure. If the
connection is exposed to freezing and thawing cycles, the concrete should comply with the
corresponding general requirements. When there is a risk of chemical or mechanical attack, a special
investigation should be made concerning the effect of such an attack on the connection.

Evidence of poor durability is usually exhibited by corrosion of exposed steel elements, or by
cracking and spalling of concrete.

4.2.6.2 Steel components

Steel parts like plates, bolts, slotted inserts etc have to be designed for the actual exposure class.
The steel elements should be adequately covered with concrete, or should be upgraded for corrosion
resistance by painting, electrolytic galvanizing, hot dip galvanizing, joint caulking, concrete grouting
etc. If not, non-corrosive materials should be used like stainless steel, acid resistant steel, etc. A
guideline is given in BLF (1997).

All-weather or other aggressive environment exposed connections should be periodically inspected
and maintained. If maintenance of the exposed steel is not possible, stainless steel is recommended.
Good experiences have also been reported with hot dip galvanising in combination with epoxy coal tar
paint.

The preferred method of protecting exposed steel connection elements is to cover them with
concrete, mortar or grout. Mix proportions, aggregate size and application procedures will vary with
the size, location and orientation of the element to be covered. Mixes containing chlorides should be
avoided.

Patches in architectural panels and others that will be permanently exposed to view will often not
be accepted. Anchoring the concrete or grout to the relatively large steel surfaces is a problem that is
often overlooked. Larger elements such as steel haunches can be wrapped with mesh or wire. For
recessed plates and similar elements, connections such as those shown in Fig. 4-9 can be used.
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" (a) headed studs with wire tie
T 3
(b) notched rectanaular anchor with wire

S PN |

(c) wiggled refractory anchor

Fig. 4-9: Methods of anchoring patches to recessed plates
4.2.6.3 Bearings

Design of grouting regarding durability may in most cases be disregarded due to the fact that the
grout is not reinforced, and the exposed surface is very small.

Bearing pads have also a very small exposed surface. Outdoor use or exposure to oil or other
chemicals requires Chloroprene quality.

4264 Cracking of concrete in connection zones

Most precast concrete elements are of high quality and cracking is seldom a serious problem,
provided crack widths are limited. However, local cracking or spalling can occur when improper
details result in restraint of movements or stress concentrations.

With regard to durability, crack width limitations for different types of exposure classes should be
satisfied. In connection zones cracks might appear due to the transfer of forces through the connection,
see Fig. 4-10.

However, general recommendations are normally not applicable for the connection areas. The
basic rule is to reduce the allowable tensile stress in the connection zone reinforcement for severe
exposure classes. Simplified relations between steel stress and crack width given in Section 7.2.3 can
be used to find appropriate limitations of the steel stress. General guidelines for steel stress limitations
with regard to durability are given in BLF (1996).
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Fig. 4-10:  Examples of cracks in support connections, according to BLF (1994-1997), a) beam-column-
reinforcement, b) slab-beam-reinforcement, c) slab-beam-steel component, d) slab-beam-steel
component

4.2.7 Aesthetic aspects and tolerances
When choosing an exposed connection the aesthetic aspects ought to be considered. It is

sometimes necessary to compromise fabrication and erection simplicity, and hence, increase the cost,
to provide a satisfactory appearance.

— N AN
e
< L L
] .
— —J\,—— —J\/——

beam/column connections
[ | [ |
T R R
| | | |

beam/double T-unit connections

Fig. 4-11: Examples of alternative connections with various aesthetic appearances, a) beam-column
connection, b) double-T-beam connection
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Examples of alternative solutions for a beam-column connection and a double-T-beam connection
are shown in Fig. 4-11. In Fig. 4-11 a the exposed corbel connection can be replaced by hidden corbels
or internal inserts (Fig. 3-24 shows a good example of a connection with a hidden corbel). Clearly the
cost and disruption to manufacturing a plain beam or column where the hidden inserts are specified
must be balanced against the aesthetic effect.

Always when choosing a connection, the tolerances must be considered, not only for structural
reasons but also with regard to the aesthetic appearance. Especially notched ends are sensible when
exposed.

428 Transient situations

Connections can be exposed to special loading cases or special environmental conditions during
handling, transport and erection. Temporary supports, eccentric loading during erection, wind loads,
lifting and transportation etc. are examples of transient situations.

Steel details must often be protected during storing and erection to prevent corrosion before being
placed in the final environment.

4.2.9 Demountability, recycling and environmental care

By way of the manner of detailing and assembling the connections, precast concrete structures
offer more possibilities when it comes to removal of these buildings at the end of their life cycle [fib
(2003a)]. In many cases the precast concrete structures can be demounted rather than demolished, and
in some cases elements can be reused. This is of course possible provided that the connections are
made in such way that dismantling can easily take place.

It is obvious that in this respect precast concrete is more friendly to the environment than many
other traditional ways of building. It can save basic materials, energy and prevent, or partially prevent,
destruction of capital invested in the building in the past.

Growing environmental awareness in The Netherlands has lead to the development of more or less
demountable precast concrete systems - some typical details are shown in Figs. 4-12 to 4-14.

Fig. 4-12: Principal detail connection of demountable precast concrete system ‘Matrixbouw’, The Netherlands
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Fig. 4-13: Principle detail connection of demountable precast concrete system CD20, The Netherlands

It should be noted that except for the system ‘Matrixbouw’ these demountable systems require a
certain invasive treatment like drilling holes in the dowel/mortar fill areas to enable the disassembly of
the concrete units. These handlings are however rather simple.
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Fig.4-14:  Principle detail connection of demountable precast concrete system ‘BESTCON30’,
The Netherlands
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5 Structural integrity

5.1 Fire resistance

511 General

Connections are vital parts in the performance of precast concrete structures. They shall be
designed, constructed and maintained in such a way that they fulfil their functions and display the
required performances also in case of fire.

The following performance requirements shall be satisfied under fire conditions:

- the load bearing function, i.e. the capacity of the connection to take up the different actions in

the structure,

- the separating function, namely the ability to prevent fire spread by passage of flames or hot

gases or ignition beyond the exposed surface during the relevant fire.

5.1.2 Load bearing function

The capacity of a precast concrete structure to assume its load bearing function during a fire can be
expressed as follows:

Egs(®<Rys(t)

where Egq(t) = design effect of actions in the fire situation at time t
Rus(t) = corresponding design resistance at elevated temperatures.

5.1.2.1 Effect of actions

The distinction is made between permanent and variable actions on one hand, and indirect actions
resulting from the effects of thermal expansion and deformations on the other.

In general, the normal permanent and variable actions on a structure will not give rise to specific
design problems for connections, since the load level is mostly smaller at fire than in the normal
situation and also lower safety factors are used for the ultimate state design because of the accidental
character of a fire. However this is not the case for indirect actions, where important alterations may
occur, mainly affecting the connections. Some classical examples of such alterations are explained
hereafter.

(1)  Increase of the support moment for restrained continuous structures

The thermal dilatation of the exposed underside of a beam or a floor, forces the member to curve,
which in turn results in an increase of the support moment at the colder top side of the member
(Fig. 5-1), see also CEB (1991). The effect on the connections can be important, since the thermal
restraint may lead to the yielding of the top reinforcement. However, precast structures are generally
designed for simple supporting conditions where the rotational capacity is large enough to cope with
this action.

(2)  Forces due to hindered thermal expansion

When a fire occurs locally in the centre of a large building, the thermal expansion will be hindered
by the surrounding floor structure, and very large compressive forces will generate in all directions
(Fig. 5-2). Experience from real fires has shown that the effect of hindered expansion is generally less
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critical since concrete connections are generally capable to take up large forces. In any case it is
recommended to take account of the phenomenon at the design stage.

moment diagram after a
certain time of fire exposure

moment diagram at
normal temperature

Fig. 5-1: Moment distribution in a continuous structure at normal temperature and in fire condition

Y
!
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!
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Fig. 5-2: Compressive forces in a frame structure due to hindered thermal dilatations
(3)  Large deformations due to cumulated thermal dilatations

When a fire covers a wide building surface and lasts for a long period, it may lead to large
cumulative deformations of the fire exposed floors and beams at the edge of the building structure. It
is not unrealistic to assume that, in a large open store hall, the cumulated longitudinal deformation of a
bay during a long fire, may amount to 100 mm and more. The rotational capacity of the connection
between, for example, beams and columns at the edge of a building is a critical parameter for the
stability of the entire structure.

(4)  Local damage at the support

The deflection of beams and floors during a severe fire may have an influence on the support
connection (Fig. 5-3). The edge of the supporting member might split off, when the contact between
the supported and the supporting member is moving towards the edge of the latter. The problem can be
solved by increasing the thickness of the bearing pad.
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Fig. 5-3: Possible effects of curvature of beams or floors during a fire

(5)  Cooling effect after a fire

The cooling of a structure after a long fire may introduce tensile forces on the connections between
long structural members. However, these effects are normally not taken into account in the design.

5.1.2.2  Structural fire resistance

The principles and solutions valid for the fire resistance of structural concrete elements, apply also
for the design of connections: minimum cross-sectional dimensions and sufficient cover to the
reinforcement. This design philosophy is based on the large fire insulating capacity of concrete. Most
concrete connections will normally not require additional measures. This is also the case for
supporting details such as bearing pads in neoprene or another material, since they are protected by the
surrounding components.

The most important analysis concerns the resistance against indirect actions due to thermal
dilatations and deformations. In the following, some examples are given of how to cope with this.

(1)  Bolted connections

Simply supported connections perform better during a fire than heavy continuous ones because of
their large rotational capacity. Dowel connections are a good solution to transfer horizontal forces in
simple supports. They need no special considerations since the dowel is well protected by the
surrounding concrete. In addition, dowel connections can provide additional stiffness to the structure
because of the semi-rigid behaviour. After a certain horizontal deformation, an internal force couple is
created between the dowel and the surrounding concrete, giving additional stiffness in the ultimate
limit state. This is normally not taken into account in the design, but constitutes nevertheless a reserve
in safety.

(2)  Connections between superposed columns

Columns are often intervening in the horizontal stiffness of low rise precast concrete structures.
This is generally the case for industrial buildings, where the horizontal stability is ensured by portal
frames composed of columns and beams. The columns are restrained into the foundations and have a
dowel connection with the beams. The horizontal blocking of possible large deformations depends on
the stiffness of the column and the rigidity of the restraint. Experience with real fires has shown that
such column connections behave rather well in a fire and do not lead to structural incompatibility.

In multi-floor precast structures, columns generally transfer only vertical forces, the horizontal
rigidity being assumed by central cores and shear walls. The question to be answered with regard to
the fire resistance concerns the choice whether to use single storey columns or continuous columns
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over several storeys. When a fire occurs at an intermediate floor, the horizontal blocking will be
smaller in the case of single storey columns than with continuous columns (Fig. 5-4). The blocking in
itself is not so dangerous, since it provides a kind of prestressing to the heat exposed structure, but the
forces may lead to shear failure of the column itself. The latter phenomenon has effectively been
observed in a real fire in a rigid cast insitu structure. The example shows that the connection between
superposed columns may influence the indirect actions on the column.
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Fig. 5-4: Large horizontal forces on continuous columns due to thermal deformation of floor
(3)  Floor-beam connections

The connections between precast floors and supporting beams are situated within the colder zone
of the structure, and hence less affected by the fire. The position of the longitudinal tie reinforcement
(longitudinal means in the direction of the floor span) should preferably be in the centre of the floor
thickness, or a type of hairpin connecting reinforcement, see Fig. 5-5.

insitu concrete

tension in tie bars

4
& 7 L
N\

\ tie-bars
! - friction forces

—— compression in insitu concrete

Fig. 5-5: Hair-pin connection at floor-wall or floor-beam support

In case of restrained support connections, the Eurocode [CEN (2005)] prescribes to provide
sufficient continuous tensile reinforcement in the floor itself to cover possible modifications of the
positive and negative moments.
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4) Floor-wall connections

Walls exposed to fire at one side will curve because of the differential temperature gradient. At the
same time the supported floor will expand in the longitudinal direction. Both phenomena will lead to
an increasing eccentricity of the load transfer between floor and wall, with a risk of collapse (Fig. 5-6).
A possible solution is to increase the rigidity of the wall. (The situation is most critical for masonry
walls since they cannot resist large bending moments.)

[ J—

Fig. 5-6: Wall curvature and floor expansion may lead to large support eccentricity

(5)  Hollow core floor connections

Experience during fire tests in laboratories has shown that the structural integrity and diaphragm
capacity of hollow core floors through correctly designed connections, which as a matter of fact
constitutes the basis for the stability of the floor at ambient temperature, are also essential in the fire
situation. Due to the thermal dilatation of the underside, the slab will curve. As a consequence,
compressive stresses appear at the top and the bottom of the concrete cross-section and tensile stresses
in the middle (Fig. 5-7). The induced thermal stresses may lead to internal cracking. In principle,
cracked concrete sections can take up shear as good as non-cracked sections on condition that the
cracks are not opening. In fact, the crack borders are rough and shear forces can be transmitted by
shear friction and aggregate interlocking (Fig. 5-8). The figure illustrates the generation of transverse

forces due to the wedging effect. In hollow core floors, this transversal force is taken up by the
transversal tie reinforcement at the support.

thermal strain

compression
Y linear strain distribution

tension

compression

Fig. 5-7: Induced thermal stresses due to slab curvature
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Fig. 5-8: Shear friction and interlocking

The decrease of the concrete strength at higher temperatures is hardly playing a role. Such
temperatures appear only at the bottom part of the concrete section, and much less in the centre. From
the foregoing, it appears that at the design stage, provisions are to be taken to realize the necessary
connections between the units in order to obtain an effective force transfer through cracked concrete
sections. The fact that shear failures have not been observed in real fires shows that there exist enough
possibilities to realize the connections between the units. (This has also been proven in numerous fire
tests in different laboratories.) The possible design provisions are explained hereafter.

- Reinforcing bars in cast open cores

The reinforcing bars are first designed to connect the floor units at the support. The reinforcing
bars are placed centrally in the section, where the thermal stresses appear, in order to keep the cracks
closed. The effectiveness of such reinforcement in the preservation of the shear capacity of the units at
fire has been proven in many full-scale tests.

- Reinforcing bars in the longitudinal joints

This is a variant solution of the above. Good anchorage of the bars in the longitudinal joint
between units is required. This presupposes that the joints remain closed, which can be achieved by
the tying effect of peripheral tie reinforcement. The real function of the latter is to ensure the
diaphragm action of the floor and the lateral distribution of concentrated loading, even through
cracked joints by shear friction. The anchorage capacity of steel bars in cracked longitudinal joints
between hollow core units has been extensively studied [Engstrom (1992)]. It is recommended to limit
the diameter of the bars to 12 mm maximum and to provide a larger anchorage length than normally
needed, e.g. 1500 mm for a bar of 12 mm, see Section 7.2.5 for more information. When the above
conditions are met, the reinforcing bars in the joints ensure the interlocking effect of the possible
cracked concrete section, and hence the shear capacity of the units at fire. Also this case has been
proven repeatedly in many ISO fire tests.

- Peripheral ties

The peripheral ties contribute to preserving the shear capacity of the units when exposed to fire by
obstructing, directly and indirectly, the expansion of the floor through the rigidity of the tie beam
itself, and through the coherence between neighbouring floor units.

When fire occurs in the central part of a large floor, the thermal expansion of the units will be
practically completely blocked by the rigidity of the surrounding floor. The blocking will mobilize
important compressive forces in the fire exposed floor units. (This has been observed in real fires,
where large spalling sometimes occurs under the high compressive forces.) In such cases, the central
part of the cross-section will not be cracked because of the differential thermal stresses, but the whole
section will be subjected to compression. The shear capacity will therefore be unaffected.
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(6)  Steel connections

Steel connections, such as steel corbels and similar, shall be protected against the effect of fire,
either by encasing them into concrete/mortar (containing an expansive agent) or by an adequate fire
insulation.

The concrete cover should be at least 30 mm for 1 hour of fire resistance and 50 mm for two
hours. Precautions are to be taken to prevent spalling of the concrete cover by adequate reinforcement.

In case of partially encased steel profiles, for example in slim floor structures, the temperature rise
in the steel profile will be slower than in non-encased unprotected profiles, due to the effect of the
thermal conductivity of the surrounding concrete. However, it is recommended to protect the exposed
steel flange by a fire insulating material, Fig. 5-9.

Fig. 5-9: Examples of slim floor structures

5.1.3 Separating function

Requirements, with respect to the separating function, are expressed as limit states of thermal
insulation and structural integrity against fire penetration. They apply mainly for joints between
prefabricated floors, walls, or walls and columns, which should be constructed to prevent the passage
of flames or hot gases.

Longitudinal joints between precast floor elements generally do not require any special protection.
The precondition for thermal isolation and structural integrity is a minimum section thickness (unit
plus finishing) according to the required fire resistance. Minimum dimensions are given in Table 5-1,
according to CEB (1991). The joint should also remain closed. The latter is realized through the
peripheral tie reinforcement. When the section is too small, for example due to the limited thickness of
flanges of TT-floor elements, a special fire insulating joint strip can be used.

standard fire resistance minimum joint height (sectional thickness)
[mm]
dense aggregate concrete lightweight aggregate concrete

(1200kg/m”)
Rf30 60 60
Rf60 80 65
Rf90 100 80
Rf 120 120 95

Table 5-1: Minimum joint height (sectional thickness) hs /mm}/, according to CEB (1991)

Joints between walls and columns can be made fire tight by either providing connecting
reinforcement at half height, or through a special profile of the column cross-section (Fig. 5-10).
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Fig. 5-10: Connection between column and wall

5.2 Prevention of progressive collapse

5.2.1 General

The safety of a structure is determined by its ability to withstand loads and other actions or
influences of phenomena like weather, moisture, ageing, etc. which can occur during the construction
time and the rest of the structure’s lifetime. ‘Safety is the ability of a structure to sustain actions and
other influences liable to occur during construction and use and to maintain sufficient structural
integrity during and after accidents’, [TABSE (1981)].

To carry the loads and the said influences, beams, columns, floor, walls and other elements are
used. The sufficient strength and stiffness of these components alone, however, does not yet guarantee
a safe structure. The components have to be connected to each other in such a way that a coherent
entity is formed, which as a total is sufficiently strong, stiff and stable.

Construction practice has learned that the chance of complete failure of a structure is mostly
determined by the factors that were not counted on in the original design. These factors, mostly called
accidental loadings, include, but are not limited to: errors in design and construction; local
overloading; service system (gas) explosions; vehicular and aircraft collisions; tornadoes; flooding;
bomb explosions; fire loads and foundation settlements. This means that in every design the possibility
that during its lifetime the structure can be damaged should be considered.

Codes of practice refer to this topic as ‘robustness’ and require that: ‘...Situations should be
avoided where damage to small areas of a structure or failure of single elements may lead to collapse
of major parts of the structure’ [BSI (1985)]. Another popular term for this is ‘structural integrity’,
meaning also that the design aspects involve all the items like element design, connections, diaphragm
action and structural stability, as these items cannot be dealt with in isolation.

Further, the term ‘progressive collapse’ was first used in the United Kingdom following the partial
collapse of a precast concrete wall structure at Ronan Point in 1968, see Fig. 5-11.
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Fig. 5-11: Example of progressive collapse (Ronan Point, England)
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A gas explosion in a corner room on the eighteenth floor blew out one of the external wall panels
and because of inadequate structural continuity between the wall and floor elements, the removal of
one wall element was sufficient to cause the total collapse of about 23 m? of floor area per storey over
the entire height of the building. The investigations found deficiencies in the manner in which the
precast elements were tied to each other. Poor detailing and unsatisfactory workmanship were blamed
for the disproportionate amount of damage. However, the most crucial factor was that there was no
suitable design information to guide the designer towards a robust solution [Elliott (1996)].

Frame stability is a crucial issue in multi-storey precast construction. To guarantee this frame
stability an adequate stiffness, strength and the provisions to guard against the possibility of a collapse,
which is disproportionate to its cause, must be provided. Tie forces between the precast elements must
be mobilised in the event of accidental damage or abnormal loading and alternative means of
transferring loads to the foundations must be sought if an element is rendered unserviceable.

522 Design considerations

Today three alternative measures are used (often in combination) to reduce the risk of
progressive collapse. These measures are:

1) designing the structure to withstand accidental loading

2) reducing the possibility of occurrence of accidental loading

3) preventing the propagation of a possible initial failure and increasing redundancy

(1)  Designing the structure to withstand accidental loading

This method is classified as ‘direct” method because an appreciation of the severity and possible
location of any accidental load is known or assumed. An adequate resistance for one accidental
loading condition will not necessarily provide strength to resist all other possible accidental loadings.

(2)  Reducing the possibility of occurrence of accidental loading

Eliminate sources of accidental loadings, e.g. gas installations can be prohibited to place, barriers
can be placed to prevent vehicular collisions. In general not all accidental loads can be eliminated.
Since any realistic solution must deal with all abnormal loading conditions to some extent, this method
of eliminating the hazards cannot be deemed to provide an overall solution. However, in design all
efforts should be made to reduce the occurrence of accidental loadings as much as possible, as this is
the most direct way to an effective solution.

Reduce the chance of errors in design, construction and operation:
— establish and maintain quality control systems,

— make the tasks and responsibilities clear,

— take care that design and construction is thoroughly checked,

— give instruction for inspection and maintenance,

— give instructions for later demolition or dismantling.

(3)  Preventing the propagation of a possible initial failure and increasing redundancy

— Pursue balanced design
e reduce weak links
— Limit the primary damage to confined areas
e apply discontinuities like expansion joints, etc.
— Prevent large loads caused by (falling) debris
e take care for good and ductile interconnection of elements
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— Increase the redundancy
e use ductile connections,
e provide alternative load paths,
e apply ties (minimum detailing practice) to increase structural integrity.

Where possible (practically and economically), an alternative path should be provided to prevent
progressive collapse when local damage occurs. If it is not possible (for practical or economic reasons)
the structure should be designed in such a way that the chance of local failure is kept to an acceptable
minimum. Minimum detailing prescribed by requirements has been adopted by several countries and
concerns mainly the execution of connections and ties and the resistance of local parts to described
accidental loads, increasing in this way the structural integrity.

5.2.3 Structural integrity

Structural integrity and interaction between elements are obtained by the use of horizontal floor
and vertical column and wall ties, Fig. 5-12. Peripheral ties (A) enclosing the floor fields and the
internal ties (B) and (C) are essential for the diaphragm action of the floor.

Fig. 5-12: Example of fully tied precast concrete structure

The vertical ties (D) are connecting the separate wall and column elements together providing
vertical continuity. The ties (E) are connecting the floor elements to their supports (beams or walls) to
prevent loss of those supports in case of accident.

It is essential that the ties and connections are ductile (possess large plastic deformation capacity)
to be able to dissipate the energy when damage occurs.

Tying the large panel structure together horizontally and vertically utilises the following structural
mechanisms to bridge local failures, which are illustrated in Fig. 5-13:

(a) cantilever action of the wall panels

(b) beam and arch action of the wall panels

(c) partial catenary and membrane action of successive spans of the floor planks

(d) vertical suspension of the wall panels

(e) diaphragm action of the floor planks.

Examples of how some of the mechanisms can be analysed are given in Appendix A.
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Fig. 5-13: Some examples of alternative load paths, a) cantilever action of wall panels, b) beam and arch
action of wall panels, c) catenary and membrane action of floor panels, d) suspension of wall
panels, €) diaphragm action of floor system (note that it is not always possible or easy to find a
practical alternative load path such as for instance in the case of collapse of a corner column ( f)

(1)  Minimum requirements

The goal is to achieve a certain minimum structural integrity, which guarantees enough safety for
accidental loadings. In the event of accidental loading, a notional tie force is capable of being activated
at every location in the structure. Because the severity and possible location of the loads are not
known, this method is classified as ‘indirect’ and the forces for which the ties have to be minimally
designed for are arbitrarily chosen, based on experience in practice. These forces are minimum forces.

(2)  Ties in the floor

Ties in floors are primarily designed with regard to diaphragm action according to the needs
identified in the structural analysis of the stabilising system. For instance, the peripheral tie in the floor
has to act as tensile reinforcement in the floor diaphragm to resist the in-plane moments caused by
wind and horizontal forces due to possible leaning of the building, columns out of plumb, second order
effects etc.
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This means that the following ordinary effects need to be considered:
— horizontal wind load resisted by the floor diaphragm,
e tie forces necessary to resist the resulting in-plane bending moments,
e tie forces necessary for sufficient shear capacity of the floor diaphragm (this is as well in
the plane as perpendicular to the plane), see Section
— initial out of plumb position of columns, see Fig. 5-14 b,
— second order effects due to the horizontal sway of the building.
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to withstand (explosion) to deal with imperfections
pressure from inside (misalignments)

Fig. 5-14: Different reasons for tying systems

Furthermore, it should be checked that the ties so designed also fulfil the minimum tensile
capacities with regard to structural integrity. If not additional steel must be provided. Various
values of minimum tensile capacities have been recommended in codes and handbooks in the
past. Table 5-2 gives some examples of recommendations for minimum horizontal tie forces
in floors.

The basic horizontal tie forces as given in different codes and reports [CUR (1988)]

PCI Fie =23 kKN/m
FIP Fie =20 kKN/m
BS8110 Fi. =20 +4 n <60 kN/m where: N = number of storeys

Table 5-2:  Minimum tensile capacity of ties in floors

According to CEB-FIP Model Code 1990 [CEB-FIP (1992)] the minimum capacity of internal ties
in floors should be 20 kN per metre width and of peripheral ties 60 kN (design values) and the floor
elements should be directly or indirectly tied to the supports at both ends. In Eurocode 2 [CEN 2004]
the following minimum tensile capacities are generally recommended. However, the actual values may
vary between countries and are given in National Annex.

82 5 Structural integrity



Copyright fib, all rights reserved. This PDF copy of fib Bulletin 43 is intended for use and/or distribution only within National Member Groups of fib.

- peripheral ties in floors and roofs (along external and internal edges)
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- internal ties in two direction in floors and roofs
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The internal ties can be distributed evenly or concentrated, for instance along beam lines, see
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Fig. 5-15. The tensile capacity of concentrated ties is determined as
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Fig. 5-15: Example of concentrated and distributed internal ties in floors
(3)  Connection of the columns and walls to the floor

It is necessary to connect the edge and corner columns to the floor diaphragms to prevent their
detachment from the floor under the influence of accidental loading like explosions, vehicular
collisions or the possible out of plumb position of the columns, as shown in Fig. 5-14 b. Corner
columns should be tied to the structure in two mutually perpendicular directions with the vertical
force. The following minimum capacities are generally recommended in Eurocode 2, however, actual
values may vary between countries.

- horizontal ties to edge columns and/or walls

F

tie, fac

=20 kN/m (recommended value per metre width of the facade)

For columns the force needs not to exceed the value

F

tie,co

| =150kN
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Examples of arrangement of tying systems in floors and how the floor is tied to the supports are
shown in Fig. 5-16.

. peripheral tie (beam)

. connection of the edge column to the floor and internal floor tie
. connection of the floor elements to the edge beams

. connection of upper column to the underneath column

. connection beam-column

. connection of floor diaphragm to the core

AN DN AW

Fig. 5-16: Example of ties in a precast floor

(4)  Vertical ties in columns and walls

Vertical ties in columns and walls should be provided in order to limit the damage of a floor if a
column or wall is lost below this floor. These ties should be able to carry (part of) the load to the upper
levels so as the structure seeks the alternative path for load transfer. According to Eurocode 2 this type
of ties should be provided in panel buildings of 5 storeys or more. Various alternative load paths may
be used in the design.

524 Analysis of collapse mechanisms

The design approach, aiming at preventing the propagation of a possible initial failure, implies
that the overall structural stability must be preserved after the occurrence of the primary failure.
Furthermore, a local alternative load-bearing system must be able to bridge over the damaged area,
see Fig. 5-17. The local bridging system is essential for prevention of an uncontrolled extension of
the damage. In this respect it is most important to prevent structural members from falling, thus
initiating further damage by debris loading.

An alternative load-bearing system can be comprised by ordinary structural members acting in
an alternative mode of behaviour, or by non-bearing elements that take over the load from the
damaged structural members.

For a certain presupposed local damage in a precast structure, possible collapse mechanisms
and the corresponding alternative bridging systems will be determined by the actual joint locations
and detailing. The deformation that follows the primary failure may be concentrated to the joints
and characterised as joint slips, joint openings and rotations. Accordingly, the resistance of the
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bridging system will mainly depend on the behaviour of the structural connections that are strained,
for instance tie connections across joints that open up.

The collapse mechanism may be more or less complex depending on the number of interacting
elements and connections and in what locations large plastic deformations are obtained. As
idealizations it is possible to distinguish pure rotation mechanisms, joint slip mechanisms and
suspension mechanisms. In practice composed forms may occur. However, it should be noted that
the behaviour of the collapse mechanism could be controlled to some extent by a balanced design
for ductility and a consistent detailing of the components in the bridging system.

Fig. 5-17: A wall structure that is partially damaged by accidental loading. In order to prevent an extension of
the damage and a total collapse, the damaged structure must remain stable and an alternative load-
bearing system must bridge over the damaged area

In the design of alternative load-bearing systems it is possible to take advantage of large
displacements and a ductile behaviour. For such a system the resistance can be expected to be
considerably affected by dynamic effects during the transition to the alternative mode of action,
and the non-linear behaviour of the strained connections. In an appropriate model for the design
and analysis these effects must be considered. A simplified approach for such analysis was
proposed by Engstrom (1992) and is presented and exemplified in Appendix A. The model is
applied on alternative bridging systems where the resistance is determined by the action of tie
connections loaded mainly in tension. However, the basic principles can be adopted also in the
analysis of other types of collapse mechanisms where the deformations are localised to ductile
connections, e.g. joint slip mechanisms.

5.25 Conclusion

To design for robustness and structural integrity when designing precast concrete structures is
important. Precast structures, when designed properly, will have the same redundancy as cast insitu
ones. Tests on Dutch precast concrete system Matrixbouw so as shown in Fig. 5-18 testify that this
is the case.
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| A

Fig. 5-18: Test of demountable precast concrete system ‘Matrixbouw’, The Netherlands for alternative load
path and redundancy

5.3 Seismic structures

531 General

The following section gives basic information concerning response and design of seismic
structures. The purpose is to explain that seismic structures require special attention and specific
approaches in their design. The detailed dynamic and seismic design of connections is beyond the
scope of this publication. Here instead reference is made to fib (2003b).

5.3.1.1 Seismic action

The main difference in case of seismic action is that it is dynamic and does not consist of
defined forces applied to the structure. The forces that arise in consequence depend on the
structural behaviour. Earthquakes are motions of the ground, transmitted to the masses that lay on
it. Various parameters are involved in the motion, the most relevant, with respect to the effects on
structures, is the ground acceleration.

Ignoring, for sake of simplicity, problems such as differential accelerations at the base supports
of the structure or the soil-structure interaction (important in some cases) the seismic action can be
represented as a given accelerogram, applied uniformly at the base of the structure.

Accelerations are both horizontal and vertical. The first are generally greater in intensity and,
although they have orientations, in current design rules they are assumed to act possibly in any
direction with the same features.

A given accelerogram may be synthesized by two parameters: the intensity, in terms of
effective peak ground acceleration, reaching up to 0,59 (g = gravity acceleration), and the shape, in
terms of frequencies content (PSD Spectrum).
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5.3.1.2  Response of the structure

Rigid body structures would follow the ground acceleration in their whole, instant by instant
(Fig. 5-19 a). Instead, in deformable structures, each point follows its own motion path:
displacements, velocities and accelerations are different from point to point and vary during time
(Fig. 5-19 b). This motion is called the response of the structure to the excitation from the ground.
The response is governed by the exciting motion, the stiffness of the structure and the masses
involved. It is proportional to the peak ground acceleration and, in the majority of cases, is
amplified with respect to the ground motion (up to 4+5 times and more).

Ll Fa=my a4

Fig. 5-19: Structural response, a) rigid structure, b) deformable structure

The masses bearing on the structure undergo the local acceleration and generate inertial forces,
continuously changing with time. Several intense shocks of alternate sign may occur in a few
seconds. The stiffness itself may change during the motion, thus altering the response. This occurs
under major earthquakes when for instance some structural elements yield, thus ‘softening’ the
structure, which is accepted by seismic design criteria.

5.3.1.3  Design criteria

Seismic design codes give the main parameters of the ground motion to be accounted for, as
well as criteria for designing and detailing the structure. Nevertheless, data on quakes to be
expected being rather uncertain. It is accepted there is a risk of severe structural damages by high
intensity events, just avoiding collapse. In fact, to keep the structure within elastic state by those
events is unpractical: such a criterion would require extremely high resistance, considering that the
resulting total horizontal force might be greater than the weight of the building! Indeed, the
response to high intensity quakes is foreseen to involve inelastic deformations of selected structural
elements, in order to have plastic dissipation of energy. This reduces the accelerations and,
consequently, the resistance demanded, in terms of force, reduces too.

A rough criterion — derived for one-degree-of-freedom elasto-plastic structures — sets the above
reduction as proportional to the ductility factor, i.e., to the ratio of the maximum displacement
capacity to the displacement at yielding, £ = Upmay / Uy (Fig. 5-20).

The ductility reveals a design parameter of resistance as important as the strength, being
somehow interchangeable with it. It is not immediately definable numerically, for complex
structures; however its concept is clear. Simplified design methods allowed by codes, as for
instance the use of static equivalent forces, account for given ductility factors available in the
structures. Those forces are then several times (i) lower, than if the structure should remain elastic,
where p is the ductility factor as defined in Fig. 5-20.
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Fig. 5-20: Ductility-based force reduction factor

5.3.2 Actions on structural elements
5.3.2.1 Horizontal elements

With the need for large structure-free spaces, building layouts trend toward large span floors.
This has given more and more relevance to the structural properties of prestressed concrete floors,
including their performance in seismic conditions. The primary function of a building structure is
to sustain gravity loads, located mainly on floors and roofs, which deform out of their plane
(Fig. 5-21 a). The floor deck is also required to perform the function of an in-plane horizontal
diaphragm in common with ‘rigid’ (or nearly rigid) horizontal displacement (Fig. 5-21 b).

Fig. 5-21: Various actions of the floors, a) slab action, b) diaphragm action

Creep, shrinkage, thermal variations, deflections of columns and walls (due to loading and
settlements) strain the floor decks in their plane. Floor decks are even called to work as tying
elements in subsidiary statical systems, providing alternative load paths, after an accident may have
destroyed the principal one. Compatibility at nodes gives rise to restraining in-plane forces
(Fig. 5-22 a). External horizontal forces also act on floors, resulting from wind and earthquake
loading (Fig. 5-22 b) - the first are applied at upwind and downwind edges by fagades. The latter
appear where the masses are located.

Horizontal seismic action is much more relevant on decks, than the vertical one. This is often
neglected, for it is lower; moreover, buildings respond to it with lower amplification and are not
much affected by the addition of an up- or down-wards force that is only a fraction of the actual
gravity loads. Thus, floors are mobilized by seismic action in their diaphragm function more than
in the slab function, although the latter must be taken into account, as out-of-plane deflections
affect the in-plane behaviour.
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Fig. 5-22: Action on floors, a) internal action, b) external action

When the layout of a building or the distribution of masses and stiffness are not regular, also
the diaphragm forces may increase much more under seismic conditions, due to the increased
influence of torsional modes.

When a horizontal force acts at one level of a building, all the floor diaphragms intervene
(Fig. 5-23). In fact, they not only transmit the horizontal forces applied at their own level but also
make the displacements of the nodes, due to overall forces, compatible.

Fig. 5-23: Interaction of all storey diaphragms

5.3.2.2  Vertical elements

The seismic forces, mainly arising at floors levels, are transmitted to the foundations via frames
and/or walls.

The structural system can be a framework, made of beams and columns, rigidly connected at
their nodes; or a pure wall system, where all vertical bearing elements are walls; or a so called dual
system, where vertical actions are mainly carried by columns and horizontal actions only by shear
walls (Fig. 5-23). In the latter case, columns and beams do not form frames but are theoretically
pin-jointed at their nodes or, equivalently, columns are extremely flexible, so that practically they
are subject only to compression and the entire horizontal action is carried by the shear walls. Dual
systems are the better suited for precast seismic structures.

The energy dissipation in frames is assigned deliberately to beams, which are much more
ductile than columns, by means of a design based on capacity, i.e., which makes the beams weaker
and yield first. It relies on ductility of cross-sections under bending. In precast structures, it can
occur either in the joints or in cross-sections within the jointed members. In the latter case, joints
are either placed far from the most stressed sections (beam ends) or they are made strong enough
not to yield first.

In shear walls, the dissipation takes place in the most stressed section in bending. In precast
walls, it can take place also in the vertical joints between panels, due to shear-friction mechanisms.
Generally, walls are less ductile altogether than frames and require greater strength. On the other
hand, they are much stiffer, which better prevents damage under low intensity quakes.
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5.3.23  Applied forces

The typical actions a diaphragm undergoes are in-plane forces coming from the deep beam
action (shear and bending of the diaphragm), but also compression and tension (Fig. 5-24). The
seismic inertial forces are applied along its body and may have any direction. Other forces are
applied at the nodes with columns and walls, i.e., the reactions to the former and self-equilibrated
forces due to restrained deformations.

bracing shafts 3

R
B

Fig. 5-24: Example of tensile action on floor diaphragm

Seismic codes give the combination of loads to be considered with earthquake and
conventional displacement of the masses for exciting unsymmetrical modes of vibration.

Consequently actions are generally well controlled, when the structure has a regular layout in
plan (compact, bi-symmetric: Fig 5-25) and in elevation (continuous vertical element), a uniform
distribution of stiffness and masses, and floors are continuous and well tied.

regular irregular irregular irregular

— - I
-

Fig. 5-25: Plan regularity of floors

On the contrary, stresses increase, when the layout is not compact, vertical elements are
interrupted, large openings, inlets, concave corners are present, mechanical gaps (of special interest
in prefabrication) or cracks of any origin (due to slab action, shrinkage, temperature) are formed,
and few stiff bracing elements (shear walls) carry most of horizontal action (Fig. 5-26). In this case,
the increase of stresses may run out of control, becoming locally critical.

peripheral ties

—— pr

I_(’

Fig. 5-26: Causes of local stress concentrations
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5.3.3 Connections

From the above considerations, it is clear that the connections for precast seismic structures are
designed to transfer the same kind of forces as from static actions. Therefore they do not differ
basically from non-seismic, as function of different action effects examined in the previous sections
but additional features are requested, above design strength. It must be taken into account that the
philosophy is specific and leads to some important peculiarities that can be summarized as follows.

(1)  Action effects

Action effects are derived from very conventional input assumptions and analysis. Therefore
they are affected by large uncertainties and are far from exact. Intrinsic robustness and ductility are
as relevant as dimensioning.

(2)  Location

Connections are located in the structure according to practicality and to action effects, taking
into account ‘capacity design’. This means that not only are the forces to be transmitted according
to the structural analysis to be examined, for selecting the location, but also a hierarchy of weaker
zones in structural elements to dissipate energy.

(3)  Design

As for any connection, devising and dimensioning must be done first conceptually, bearing in

mind the performance requirements. Seismic structures have some additional ones, as follows.

— Connections must behave in a ductile manner. They can be either designed for only force
transmission or also for dissipating energy, according to the hierarchy said above. For force
transmission, ductility provides the capability of undergoing large displacement without
breaking failure. For dissipation of energy, ductility is to fulfill the capability of dissipating
energy under large amplitude straining cycles (by hysteretic loops of plastic material, or by
controlled friction).

— Friction relying on gravity loads (e.g. at supports) cannot be accounted for, neither for force
transmission nor for energy dissipation.

— In dimensioning connections, the resistance is to be evaluated not only with usual models
giving the design strength in terms of monotonic action effects, but also in degraded
conditions, after several alternations of large intensity straining.

— Detailing must be such to ensure for reinforcement, adequate anchorage under yield reversals
and stirrups to avoid buckling at yield stress; and for concrete, confinement to prevent loss of
material under extreme reversed compression and tension.

(4)  Examples

— Uncertainties on intensity of earthquakes and on the structural response necessitate resistance
for full reversals of stress. Thus, connections to transfer compressive forces must have a tensile
capacity, and continuous beams must be connected to columns with top and bottom
reinforcement even if the analysis, including seismic action, shows that only negative bending
moments arise.

— Concrete under alternate large compression and tension deteriorates. Thus, confinement is
required in wet cast connections (not for increasing the strength but at least for keeping it).

— Bond strength reduces considerably after several stress reversals. Thus, connection made by
overlapping is not relied upon, if not provided with an increased length and a tight tying.
Overlapping within grouted joints is not allowed.

— Reversed shear stresses reduce friction. Although in non-seismic buildings joints between
slabs may be justified only about strength, in seismic ones the ductility (even if not
accompanied with energy dissipation) is also necessary in order to avoid sudden diaphragm
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failures. Thus, grouted joints of precast slabs cannot be plain or indented, but must maintain
load after loading cycles.

For the detailed dynamic and seismic design of connections reference is made to fib (2003b).
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6 Transfer of compressive force
6.1 Principles for compressive force transfer connections
6.1.1 Typical joints with compressive forces

Every precast concrete element has to be supported at one or several locations in order to transfer
its own weight and imposed loads down to the foundations. These forces will normally be
compressive forces. Typical connections with compressive forces are shown in Fig. 6-1.

In most cases dead loads from other elements and live loads will increase the compressive forces.
The main task for the designer is to optimise the size of the concrete member with regard to axial load,
moment and shear, and afterwards to design the connections with proper components and materials in
such a way that the load capacities are adequate.

Small bearing areas lead to small eccentricities, which is normally of great advantage. Large
forces, or practical considerations, may however, require larger bearing areas.

grouted
joint

3) b) ©)

@

opening steel plate

bolt

ad steel "pad’

P anchored steel plate

\1’\

d) €)
| |
f ] | |
} anchored slab | |
| steel plates | slab |
| | | |
| | wall beam
9) — h) i)
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Fig. 6-1: Typical connections with compressive forces, a) column-foundation (grout), b) column-foundation
(grout), ¢) wall (column)-wall (column) (grout), d) beam-column (pad), €) beam-column (steel),
f) beam-corbel (pad), g) double tee-wall (steel), h) slab-wall (strip), i) slab-beam (strip), j) wall-
foundation (steel), k) wall-corbel (plastic), I) wall-wall (plastic)

6.1.2 Typical compression joints with combined actions

Wind loads and/or earth pressure, will in some cases change the compressive forces into tensile
forces, or impose horizontal (shear) forces on the connection. A connection will also often consist of
not only two, but also three or four concrete members. Thus, compression joints must often be
checked for shear forces, and require reinforcement or other steel components across the joint in
addition to the joint bearing material. Typical connections where compression is combined with other
action(s) are shown in Fig. 6-2.

Long horizontal members, such as beams or slabs, will rotate at the support following the variation
due to temperature change, creep and shrinkage. The rotation often requires bearing pads and strips
with special attention to detailed design of pad thickness and edge distances.
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Fig. 6-2: Typical connections with combined actions, a) column-foundation (grout, steel), b) column-
foundation (grout, reinf.), ¢) column-foundation (grout), d) column-column (grout, reinf.), ) beam-
corbel (pad, bolt), f) column-beam-slab (grout, steel, reinf.) g) slab-beam (strip, grout, steel), h) slab-
wall-wall (strip, grout, steel, reinf.), i) slab-wall-wall (strip, grout, steel, reinf.), j) wall-foundation
(grout, steel)

6.1.3  Selection of bearing type and material

The bearing material is mainly designed for vertical and horizontal loads, and for rotation and
lateral movements. The size of the bearing area and joint openings are, however, very often
determined by the size of the concrete elements, erection tolerances and architectural considerations.
The type of bearing material is also depending upon local availability and economy.

6.1.3.1  High compressive force without lateral movement and/or rotation

Connections with high compressive forces without lateral movement and/or rotation require
construction steel (steel plates or bars) across the joint with properly designed field-bolting or welding
in the connection area, see Fig. 6-3. The steel components should be properly anchored in the concrete
member to secure transfer of the compressive forces to the main reinforcement. This type of solution
is mostly needed for connections such as: beam-column, column-column, column-foundation, moment
resisting frames or lateral bracing. The basic idea is to achieve a monolithic joint, see Section 9.4. If it
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is possible, it is normally economical to avoid field welding with direct steel bearing, but to use steel
base plates combined with anchor bolts and grouting instead.
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Fig. 6-3: High compressive forces without movement/rotation, a) steel member, reinforcement, welding,
concrete, b) steel member, welding, patching, c) steel plates, welding, patching, d) steel plates,
anchor bolts, grouting
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6.1.3.2  Medium compressive force without lateral movement and/or rotation

Connections with medium compressive forces without lateral movement and/or rotation are typical
for one-story columns and load bearing walls. Normally the column or wall is placed on erection
shims and the joint is 90 — 100 % grouted. Steel bars or reinforcement across the joint are normally

designed for tensile- or shear forces only, but they can also be utilized as compressive reinforcement.
Typical solutions are shown in Fig. 6-4.
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Fig. 6-4: Connections subjected to medium compressive forces without movement/rotation, a) column with
grouting, steel bar, b) wall with grouting, steel bar

6.1.3.3  High and medium compressive forces with lateral movement and/or rotation

Connections with high and medium compressive forces with lateral movement and/or rotation are
typical for the support of all types of beams, girders and T-shaped slabs (double tees and single tees),

see typical examples in Fig. 6-5. Typically, this type of connections is provided with bearing pads. The
reasons for this are illustrated in Fig. 6-6.

opening steel plate
bolt steel "pad’
pad anchored steel
] plate

a) b)

Fig. 6-5: Medium compressive forces with movement/rotation, a) beam-column with elastomeric pad, bolt,

b) beam-column with cast in place plates, steel plate ‘pad’, welding, c) beam-corbel with plain
elastomeric pad, bolt
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Cast in steel plates in the concrete members with a steel plate ‘pad’ will provide large compressive
capacity, but the rotation ability is limited. Lateral movement will only occur as slippage, which
means that a horizontal force H = 4N = 0,2N to 0,5N might be imposed on the supporting member.

Elastomeric bearing pads are available in many types of materials, compositions and cost. They
may be designed to accommodate almost any magnitude of forces, movement and rotation. The
resisting horizontal force against movement is normally H = 4N = 0,05N to 0,2N.

Two layers of hard plastic will provide a more predictable thickness of the joint than an
elastomeric pad, but the rotation ability is limited. Lateral movement will occur by sliding with a
resisting friction (horizontal) force H = N = 0,1N to 0,2N.

There is also a large availability of different types of special sliding bearings. Bearings with Teflon
layers may produce friction forces as low as H = 0,02N.

#N

Bearing pad must properly distribute Bearing pac_i must prevent contact
vertical load. (Centre load and even between adjacent concrete surfaces.

out compressive stresses)

a

[
T
Bearing pad must be located at a Bearing pad must properly transfer
sufficent distance from free edges horizontal forces.

(to prevent spalling)

Fig. 6-6: Reasons for using bearing pads

6.1.3.4  Moderate compressive forces with little rotation and separate transfer of horizontal
forces

Connections with moderate compressive forces with little rotation and separate transfer of
horizontal forces are typical for the support of compact slabs or hollow core slabs and smaller double
tees, see Fig. 6-7.

Compact or hollow core slabs will often require bearing strips sustaining compressive stresses of
magnitude 1 to 4 N/mm? Used materials are for example moulded sponge rubber, neoprene and hard
plastic. Small double tees are sometimes provided with cast in steel plates at the end, and placed
directly upon cast in steel plates in the supporting member.
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Fig 6-7: Moderate compressive forces, movement and rotation, a) slab-beam with bearing strip, b) double-tee
beam with steel plates, ¢) double-tee wall with steel plates

6.1.3.5 Small compressive forces with negligible rotation and horizontal forces

Connections with small compressive forces with negligible rotation and horizontal forces are
typical for the support of short slabs. The support reactions may be of magnitude 3 — 10 kN/m. In
some cases the slabs are supported directly by the substructure without any bearing strips. In other
cases strips of cardboard or felt may be used. The required minimum support length must still be
present.

6.1.4 Design

Basic design rules for local concrete compression and corresponding local reinforcement in the
splitting zones are given in Section 6.2. Basic design rules for the bearing material are given in
Sections 6.3 - 6.5.

Bearing materials harder than concrete are checked at the ultimate limit state (ULS), whereas
bearing materials softer than concrete are checked at the serviceability limit state (SLS). The most
important issue in this case is to have satisfactory service load behaviour. In most cases the concrete
itself with the splitting reinforcement will govern the ultimate limit state.

The design and dimensioning of the supporting and supported members at a bearing should take
into account the anchorage requirements and the necessary dimensions of bends of the reinforcement
in the members. Bearings must be dimensioned and detailed in order to assure correct positioning,
accounting for production and assembling tolerances.

joint width t;

r—r 77— 1

bearing pad or strip

R
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Fig. 6-8: Support length and tolerances, according to Eurocode 2 /CEN (2004)/
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The position of the support load must account for eccentricities due to rotation and tolerances.
Rules for this are given in Eurocode 2 [CEN (2004)], see Fig. 6-8.

6.2 Effect of local compression in concrete

A connection designed for compressive forces must include the design and detailing of the
splitting reinforcement (local reinforcement) following the force paths from the joint to the main
member reinforcement. The main factors to consider are the effect of lateral expansion through
different materials, the effect of concrete and reinforcement lateral confinement (bi - or tri-axial effect)
on the local compressive resistance (concentrated loads) and the local tension effects in the transition
zones.

6.2.1 Lateral expansion

6.2.1.1  General formulas for lateral expansion

The concrete cube shown in Fig. 6-10 is subjected to uni-axial compression.

X _{T """""" ! original
! ¥~ shape

h| | o S
: E<~ deformed

Fig. 6-10:  Uni-axial compression of concrete cube

Formulas for uni-axial compression:

Original thickness =h

Measured deformation =n

Strain (x-direction) =¢=n/h or & =0,/E

Compressive stress =o,=N/A

Lateral stress =0,=0

Poisson’s ratio =v=g,/&

Lateral strain =g, =v-g =v-0,/E

(y-direction) (6-1)

The value of Poisson’s ratio v is different for various materials; for steel it varies from 0,25 to
0,33; for rubber it is slightly less than 0,50. For concrete it varies from 0,15 to 0,25 depending on the
type of aggregate and other concrete properties. Generally v = 0,2 is an accepted value used for
concrete.

Small values for v/E (steel) results in very small lateral expansion, while high values (rubber)
results in large lateral expansion (almost constant volume).
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General formulas for bi-axial compression:

&y :(ax —vay) E

&, =(o, -vo,)/E
o, = E(gX +vgy)/(1—v2)

o,=E (5y +ve, )/(l— V2) (6-2)

6.2.1.2  Formulas for compression through layers of different materials

Compression joints will always be composed of several layers of materials with different
properties. These layers will have different compressive stresses o, different elastic modules E and
Poisson’s ratios v, leading to different lateral expansion &, see Fig. 6-11.

I YYVY VY 3 y Ox
E

&1 | (vVE),
€y2 ‘_\ (V/E)z
&
" (VIE);

431 WEN)

Ox

Fig. 6-11: Compression through several layers of different materials

Formulas for compression through several layers of different materials:

Lateral strain: g,=v-g=v-0,/E

Material 1: g, =v,-0,/E

Material 2: 8, =V, 0y /E,

Difference in lateral strain: &1~ &y =|(V/E), - (V/E),] o, (6-3)

Lateral stress o if there is no sliding between the different layers:

Oy = (5y1 - gyz). E, =const.-E, -0,

Oyp = (gyl —5y2)- E, =const.-E, -0,

This shows that a variation of oy will have a corresponding effect upon oy. In other words, the
compressive stresses can only be uniformly distributed through the different layers if v/E is constant.
The lateral stress oy will produce corresponding lateral shear stresses between the different material
layers. These shear stresses will effect the joint capacities (stresses) depending on the function vE.
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6.2.1.3 Steel joint

Steel has a lower value for v/E than concrete and will therefore impose lateral compressive
stresses oy on the concrete, as shown in Fig. 6-12. These compressive stresses will increase the
concrete bearing capacity. This is similar to the effect observed by cube testing, see Section 6.2.2.
However, these effects are small, and are normally neglected for both concrete and steel in connection
design, see Section 6.4.

T | e o

Concrete

i}

Steel

ENE
H%H
X
W

Concrete |

ittty | ™

Fig. 6-12:  Compression through concrete and steel plate, adopted from BLF (1995)

-

6.2.1.4 Mortar joint

The mortar quality will normally be of poorer quality than the concrete elements. The mortar, thus
having a higher lateral strain 1/E than the concrete elements, will cause lateral tensile stresses in the
elements close to the joint, and cause lateral compressive stresses in the mortar as shown in Fig. 6-13.
The tension effect on the concrete element is normally very small compared to other effects, and is
normally neglected in connection design. The compression effect on the mortar is of great importance,
and will normally increase the bearing capacity ox to the level of the concrete element, see Section 6.3.
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Fig. 6-13: Compression through concrete and mortar joint, /Basler and Witta (1966)/
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6.2.1.5 Joint with soft materials

Soft materials, like plain elastomeric bearing pads, have much larger values for v/E than concrete.
The effect will be the same as for mortar, but with much higher values, see Fig. 6-14. The lateral
strain is often so large that the pad will slide along the concrete surface. The friction is a function of
the surface roughness and the type of pad [Vinje (1985a,b)].

The tension effect on the concrete element is often of such degree that it should be included in the
design of splitting reinforcement. The compression effect on the bearing pad is essential for the
bearing pad behaviour, and is always included in the design, see Section 6.5.
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Fig. 6-14:  Compression through concrete and plain bearing pad /Vinje (1985a, b)/
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6.2.2 General failure modes of concrete

Concrete is a complex composition of aggregate, sand, cement, water and other additives. The
failure mechanism is simply described as a function of the cohesion between the paste and the
aggregate (shear, tension) and the strength of the weakest components themselves. When the concrete
is subjected to compressive stresses, the first micro-cracks will appear between the paste and the
aggregate. If the surrounding concrete prevents the corresponding deformation, the concrete will end
up ‘breaking’ as the weakest components are crushed. If the surrounding concrete does not prevent
deformation, a shear/tension failure will occur.

Compression cylinder or cube tests clearly demonstrate that the concrete specimen is splitting due
to lateral tensile stresses. The tests also demonstrate the effect of friction between the concrete and
steel plates, see Fig. 6-15. Reference is made to Section 6.2.1 for theoretical formulas.

| || | ||

Steel plate ———=¢

. :
[T / !
l— Lateral deformation —

R P
P

a) b)

N

Fig. 6-15: Cylinder compressive testing /Leonhardt (1975)/, a) minimal friction on loading area, b) normal
friction on loading area
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The concrete is much weaker for tension than compression (the tensile strength is 5 — 10 % of the
compressive strength) and the failure mode will always be due to secondary tensile stresses.

6.2.2.1  Crushing

The bearing capacity f., of locally compressed concrete associated with compressive failure
directly under the load, may be estimated by means of soil mechanics models for strip, square or
circular footings. The triaxial state of stresses under the loaded area is favourable and may result in
very high bearing capacity. However, if limited penetration is to be considered the following
expression is recommended in Model Code 90 [CEB-FIP (1992)] for the bearing capacity.

fo =41, for circular or square loaded areas (6-4)
where f; = bearing capacity of concrete under local compression
f.. = compressive strength of concrete under uniaxial stress

6.2.2.2 Splitting

Lateral dilatation of locally compressed concrete is hindered by the surrounding mass of the non-
loaded concrete (and, sometimes, by the presence of surrounding stirrups or helical reinforcement),
which provides lateral confinement to the loaded strut, see Fig. 6-16. The increase of the strength due
to the confinement is as approximately described by the following formulas (for plain concrete)
according to Model Code 90 [CEB-FIP (1992)]:

Equilibrium before splitting, notations according to Fig. 6-16:

p-d; = fo(d, —dy) do>dy

_h_dZ_dl
=10 d,

Triaxial effect:

d,—d,

1

fo=f,+5p=f,+05f,

with d2 =~ 2d1 to 4d1

fc,; =0,7 '(1'3 fcc)\j AZ/Al = fcc V Az/Ai (6'5)

where A; = loaded area
A, = cross section of the surrounding concrete where the stress field is developed
(leading to a final uniform longitudinal stress distribution) where, due to
favourable size effects, the basic concrete strength has been taken as

113fCC
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free
edge

Fig. 6-16: Mechanism of ‘confinement’ offered by the surrounding mass of concrete, /CEB-FIP (1992)/

6.2.3 Compressive stress control

6.2.3.1  Stress limitations

Based upon Leonhardt (1975) and CEB-FIP (1992), the following formulae may be used for
compressive stress control of concrete directly under local concentrated loads. The loading areas must
correspond geometrically and have the same centre of gravity, see Fig. 6-17.

fctj = 1:cd‘\l AZ/Ai < 410 fcd

Neg = TegA = fegy/ A/A, <4014 A (6-6)

where A, =a, -b, (effective loading area)

A, =a, -b, (distribution area)
concrete design compressive strength
bearing capacity

fcd

*

fcd

Fig. 6-17 b shows that in order to obtain the maximum allowable compressive stress, the edge
distances must be at least given as follows:

c, >a and h>2a,, which leads to a, >3-a, (Fig. 6-17 b)
C, >b, and h>2b, which leads to b, >3-b, (Fig. 6-17 b)
Several concentrated loads close to each other will have reduced distribution areas, see Fig. 6-17 c:

D A =2a-band) A =a,-b,

foo = faay 2 A/ DA (6-7)
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When b, is much larger than a; (bearing strips for slabs), the compressive stress capacity is
reduced:

fctj = 1:cd 3\/ AQ/AI = 2'5 fcd (6'8)

by=3b; ‘

b