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This thesis describes an experimental investigation and an
associated finite element study of the behaviour of sleeved bolt
beam—-to-column connections. Despite the popularity of such
connections 1n precast concrete building frames, 1little
experimental data has been available regarding their behaviour
under static vertical loading. For this reason, two series of
tests were performed on full scale joints.

The main focus of the first series was to examine the effect of
bolts density per joint on its strength, stiffness and failure
mode. In the second series, the influence of concrete confinement
upon the joint ultimate strength was studied. Failure of 9oints
was mostly governed by shear yielding of the bolts. However,
concrete failure was reported when much weaker concrete with
minimum confinement was employed. Deformation data obtained from
all tests was used to interpret the joint behaviour. Test results
have also shown that increasing the number of bolts per joint not
only 1increases its ultimate strength but improves its load-
deflection and moment-rotation characteristics as well.

The parameters affecting the behaviour of such connections have
been used to develop three-dimensional finite element models of
both the single and double-bolted joints. This was achieved by
using the software package (ANSYS). Material ©properties,
geometrical dimensions, boundary conditions and loading were
carefully given as input data to represent, as realistically as
possible, those of the tested joints. Material nonlinearity was
considered for both steel and concrete. The opening and closing
of initial geometric gap at the interface between the bolt and
the sleeve were also accounted for. The developed models were
then used to determine the stress and deformation distributions
within the joint components. The models reached their ultimate
loads successfully. They predicted with a very good accuracy the
joints response under loading. Also they provided useful
information which could not be obtained from the experimental
part of the investigation, e.g. degradation of the surrounding
concrete material and development of tensile stresses in the
column steel links. The numerical results were verified against
the corresponding experimental values whenever possible.

Finally, the main conclusions based on both parts of the work

and recommendations for further work have been given.
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1.1 General

The employment of precast concrete members by the construction
industry has increased rapidly throughout the world over the past
two decades. Advantages such as speed of erection, better
quality, dimensional precision and above all reduction of costs
have made precast concrete superior to 1its cast-in-situ
counterpart. A precast structure consists of a number of
prefabricated members which, when connected together on site,
form a finished structure. Typical structural members are beams,
columns, slabs and wall panels. It has been found that
satisfactory performance of the structure as a whole and 1its
economy depend to a great extent on the proper selection and
design of the connection. As a result, engineers have been
continually working to develop more efficient and more economical

connections.
1.2 Structural Connections

A structural connection can be simply defined as an assembly of
components which are arranged in a way to transmit forces from
one member to another. In view of the importance of connections,
and to ensure that the strength of a partially completed or
completed structure must not be governed by the strength of the
connections, the comnection must not be the weak link 1in the
structure. Since the introduction of precast concrete, many types
and varied forms of connections have been developed for use.
Details of each depend greatly on the magnitude and the type of
the forces to be transmitted.



In skeletal frame construction, beam-to-column connections are
the most critical part of the structural concept because they
must be capable of transmitting axial forces, shear forces and
bending moments safely and without excess deformation. In this
type of connection, the most common problem which usually arises
is the concentration of the force, as there is a small junction
region and a large force to be transmitted through this region.

This force concentration reduces the connection’s rigidity.

1.3 Concepts of Connection Design

It is a common practice to design most of the precast concrete
frames as pin-jointed under all conditions of loadings. Designers
usually pay more attention to the design of the connections
rather than members. This is perhaps due to the non-availability
of design codes which cover the practical design of connections.
Only little reference, dealing with the connections design, could
be cited in the literature [1-3]. However, it 1is essential to
consider connection problems and their ramifications at all

stages of work, from conceptual studies through to construction.

A connection must be designed to resist the loads it will be
required to carry during the lifetime of the structure. In most
connections, load will be transferred through several elements of
the connection by vérious.mechanisms, e.g. shear and/or flexural
strength, compression, bearing, bond, anchorage and friction.
Each of these mechanisms establishes the forces to be used in

designing the connection.

Load transfer through connections may be accomplished by: welding
projecting reinforcing bars and encasing them with cast-in-situ
concrete; by use of mechanical devices such as bolts, brackets or
embedded structural steel sections; by employing composite
construction techniques, or by applying a prestressing force
across the connecting surfaces. A combination of any of the above
methods is also widely acceptable. Any other method provided that
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it satisfies both the principles of statics and the stress
requirements of codes for the materials involved can be
introduced. However, it is of vital importance to test an
innovative connection, before approving it, to determine 1its

behaviour at both working and ultimate loads.
The requirements of an ideal structural connection have been
listed in References [1,4-6] and these can be summarised as

follows:

a) Structural Adequacy

As has been mentioned above, a connection must have the strength
to resist the forces to which it will be subjected during 1its
lifetime. Some of these forces are apparent, caused by dead and
live loads, wind and earthquakes loads. Others are not so obvious
such as those caused by shrinkage, creep and temperature changes.
The joint should have the ability to accommodate relatively large
deformations without failure. Sufficient rigidity, 1in all
directions, 1is also required to achieve stability of the

connected parts during construction.

b) Economy

Maximum economy of precast concrete construction is achieved when
connection details are kept as simple as possible, consistent
with adequate performance and ease of erection. Simplicity of the
connection details may have a greater 1influence on the total
economy of the structure than would a reduction in weight of the
main members. To minimise the erection time, it is advisable to
have standard shapes and dimensions of connections for a
particular structure whenever possible.

c) Tolerance

Tolerance 1s the measure of deviations which must be accommodated
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in the connection. It is important to specify tolerances on
dimensional accuracy which can be achieved in manufacture and on
site. Tolerances must be within the limits permitted for each

type of connection [7,8].

d) Durability

Evidence of poor durability is usually exhibited by corrosion of
exposed steel elements, or by cracking and spalling of concrete.
Cover should protect all bars and steel inserts against both

corrosion and fire.

e) Appearance

After erection, it is desirable to have an invisible connection
giving the structure the appearance of monolithic concrete. It is
also important for it to have a neat and clean finish without any

unwanted shadow lines or cracks.

1.4 Beam—-to-Columm Connections

Most common types of beam-to-column connections 1in precast
concrete can be divided, according to the structural members

involved in their formation, into three main groups as follows:

1.4.1 Reinforced Concrete Corbels

Corbels are widely used in industrial buildings construction.
They usually project from the faces of columns at certain levels
to work as horizontal seats for beams to be connected as shown 1n
Figure (l.la). They are designed to be capable of transmitting
vertical and horizontal loads from beams to columns. Such loads
are always transmitted by direct bearing, through bearing plates,
on corbels. Behaviour of corbels under loading has been the
subject of many research works in the past 25 years. Many design
formulae and charts have been proposed to predict its ultimate
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strength [9-17]). Today, the methods of designing corbels adopted
by current Codes of Practice [18,19] are mainly based on one of
the following two concepts of design:

l. The "truss analogy concept" which considers the corbel as a
simple strut-and-tie system acted upon by an external force as
illustrated in Fiqure (l.1b). The applied external force 1is
assumed to be in equilibrium, at failure, with the corbel
internal forces. These forces are a tensile force in the main
top steel and an inclined compressive force in the concrete.
Such assumption implies that the corbel mode of failure is a
flexural one. As a result, an additiongl step must be taken in
the design process to eliminate the possibility of shear
failure at the plane of maximum shear, i.e. the column-corbel

interface.

2. The "shear friction theory" which assumes that when a corbel
is overloaded, a crack would form along its interface with the
column. As the load tends to produce slippage along the
cracked plane, and due to the roughness of the crack, a
separation is assumed to take place. This separation develops
a tensile stress in the reinforcement crossing the interface.
Assuming a full anchorage of the reinforcement, the tension
would provide a clamping force on the concrete creating a
compressive stress across the interface to maintain
equilibrium [5]. Developed forces and stresses at the
interface are shown in Figure (l.lc). Shear friction theory
was originally introduced by Mast [20], and was later modified
by Hermansen and Cowan [ll] to be more applicable for the
design of corbels.

Although the above two design concepts are different in their
predictions of the mode of failure, they deal with the corbel
ultimate strength as a function of its geometrical and material
properties. A review and details of cited design proposals,
together with a critical comparison between them have been
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published by the author elsewhere [21].

It is worth mentioning that all corbel design methods place a
great emphasis on the detailing of a corbel such as geometrical
proportions, reinforcement anchorage, bearing stress and stirrups
details. This is essential as improper detailing proved to have a
great effect on a corbel’s behaviour and substantially alter 1its
ultimate strength [9]. In practice, improper detailing may arise
during design, fabrication or erection. Adequate recommendations

concerning the corbel detailing are given in the design sources
[1’18'19]-

In recent studies ([22,23], different types of steel fibres were
used in an attempt to replace the stirrups in reinforced concrete
corbels. The introduction of the fibres showed a considerable
increase in the corbel’s shear strength. The adoption and
development of such technique may lead to the elimination of the
need for the complex reinforcement detailing which has to be met

to comply with the above design recommendations.

1.4.2 Steel Inserts

In this type of connection, steel inserts can be incorporated
into the column, into the beam or into both of them. Steel bolts
are usually needed for bolting the inserts together during the
erection process. Inserts may be also jointed together by bearing
on each other. Compared with the reinforced concrete corbels,
steel inserts produce simple detailed connections with much
higher ductility. Besides, they have the advantage of keeping the
connection within the depth of the beam, i.e. a uniform
construction depth can be obtained. On the other hand, they
require specilal consideration regarding the minimisation of voids
formation under the embedded members during casting. Special care
must also be given to the projecting parts during handling and

lifting to avoid their distortion.



Different types and shapes of steel inserts have been in use
[1,6]). However, the cast-in-billet, shown in Figure (l1.2a), is
the most popular one of this group. The billet can be in the form
of steel plate, I-section or hollow structural steel member. It
is enclosed by the column reinforcement cage and projects outward
a distance sufficient to provide the proper bearing as it will
act as a steel corbel. The end of the beam incorporates a steel
lining to the entire bearing area to provide a uniform contact

surface.

Under loading, a high compressive stress develops in the concrete
immediately beneath the embedded section at the loaded end.
Another zone of compressive stress appears at the top of the far
end, see Figqure (l1l.2b). Based on conservative simple assumptions,
design equations have been developed for connections with various
steel sections [3]. These design equations were later criticised
for assuming a ’'constant’ depth of the compression zone below the
empbedded steel section, i.e. independent of the eccentricity of
the applied load. As a result, experimental studies were
conducted on certain steel shapes to investigate the effect of
the steel section shape, its geometrical proportions, length of
the embedded part, column reinforcement and load eccentricity on
the joint’s load-carrying capacity [24,25]. Experimental results

were then used to improve the above design equations.

Current design recommendations pay high attention to the bearing
area as 1in most cases beam shear is transferred through direct
bearing between the steel inserts. Confinement of concrete
embedding the inserts has also to be ensured as in most reported
cases [26,27]}, failure was due to the tensile splitting of
concrete in the plane of the embedded plate. Lengths of both the
embedded and protruding parts of the steel insert are crucial to
avoid any premature failure of the joint. Other Limits concerning

the design and construction processes can be found in References
[1,3,6].



1.4.3 Metal Connectors

A wide variety of connectors such as threaded bolts, anchor bolts
and headed studs are found in many kinds of precast concrete
connections. This is most pronounced in the prestressed and
precast concrete industry. Types of bolts and threaded connectors
are well documented ([28). Selection of a connector, to be
involved in forming a connection, 1is highly governed by 1its
properties such as dimensions and design strength. Standard lists
covering the available ranges of such properties are usually
provided by the manufacturer. Connectors can be subjected to

tension, shear or their combination.

Anchor bolts design is mainly dependent on whether the bolt 1is
fully or partially embedded in concrete. The design strength is
taken as the lesser of the strengths based on steel failure or
concrete failure (with pull-out cone or wedge cone). Nominal
tensile and shear capacity of short anchor bolts are reviewed and
presented in References [29,30]. In this review, the authors
focused on isolated single bolt anchorages. They found that
several commonly used design procedures were significantly
unconservative. Moreover, they reported that using some of these

equations led to different predictions from the test results.

Ueda et al. [31] investigated the shear resistance of single- and
double-bolt anchorages embedded in plain concrete. They £found
that the maximum shear capacity of double-bolt anchorages with
large spacings could be 40-60% more than that of a single-bolt
anchorage with the same edge distance. Recently, a review of the
current design procedures of anchor bolts was presented by Lynch
et al. [32]. In this review, a special emphasis was given to the
tensile and shear capacity of multiple-anchorages with

overlapping stress cones.

Numerical models for single-bolt anchorages under tensile loads
were developed to study the most relevant influences on
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anchorages [(33,34]. The two-dimensional non-linear finite models
showed a good agreement with test results. Crack propagation in
the anchoring zones was also obtained successfully. However, some
of these models failed prematurely. It 1s believed that 1if the
models were expanded to three-dimensional analysis, more

realistic ultimate loads could have been obtained.

In Figqure (l.3a), headed studs are used to carry the shear load
from a precast concrete beam. Being generally made of steel,
welding to bracket plates or similar devices allows for shear
transfer as shown in the figure. Then shear 1s transmitted from
the welded studs to the concrete through bearing. In addition to
the shear carried by the joint, the joint can be subjected to a
tensile force, as shown in Fiqure (1.3b). The ultimate strength
of a headed stud joint depends highly on the diameter, spacing,
embedment length and design strengths of the studs.

As with the case of the anchor bolts, nominal tensile and shear
capacity of headed studs are reviewed and presented in References
[29,30]. Based mainly on this review, Shaikh and Yi [35] reported
a comprehensive design procedure for the welded headed studs. In
their design equations, they allowed for different edge
conditions, stud groups and combined shear and tensile loadings.

A primary disadvantage of the use of studs is that close
tolerances are always associated with their placement in
concrete. Dependence on the strength o0f welds 1is another

disadvantage of this connection.

The classification of beam-to-column connections into three main
groups (corbels, steel inserts and metal connectors) was given as
representative, but countless variations and combinations of two
or more of these groups may be developed. Several alternative
means for interconnecting beams and columns are suggested in
References [1-3,6,28].



Nowadays, structural research and development in precast beam-to-
column connections follows one of the following four co-ordinated

programmes:

1. A research programme to develop and evaluate new connections
in terms of design concepts, materials and technologies. This
is done with the purpose to produce more efficient connection

5 and to reduce erection time and costs. The connection designed

and tested by El-ghazaly et al. [36] is a good example of this

research approach.

2. The purpose of this programme is to develop recommendations
for the seismic design of precast concrete building frames
based on sound analytical and experimental research. As a
result of the 1increasing demand for introducing such
recommendations, a number of studies were carried out in

North America over the past few years [37-39].

3. The research is carried out on well established connections to
provide more comprehensive data on their behaviour. Then,
using this data to either improve the existing design
equations or study the effect of connections on the overall
performance of the connected members under loading. Current
research undertaken at the University of Nottingham to
investigate the moment-rotation effects on the stability of
columns in skeletal frames is a typical example of this trend
of research {40].

4. A research programme performed on widely used connections,
with the aim of providing basic research data that is not
currently available. The obtained data wusually gives the
designer a better understanding of the connection’s behaviour
and contributes to the development of relevant design
recommendations. In this study reported herein, the research
carried qut on sleeved bolt connections exemplifies this

approach.
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1.5 Sleeved Bolts Connection

Today, bolted connections stand as one of the most extensively

used connections in the construction field. Its popularity stems
from the following facts:

1. Compared with other types of connections, it does not require

1 a lot of supervision so it is suitable for site conditions.

2. It can be fastened quickly so if rapid construction is to be
achieved, the connection will support load as soon as the
bolts are tightened.

3. The rigidity of the connection 1s relatively high due to the
use of high tensile bolts.

4. In its finished form, there is no visible protrusion below the
beam lower soffit. This 1is usually in accordance with the

architectural and functional requirements.

A sleeved bolt connection shown in Figure (1.4), which had been
in use for a long time, is a typical example of such connections.
It provides an efficient structural connection. Its formation can

be briefly described as follows:

A group of high tensile, grade 8.8 steel bolts, threaded both
ends, are passed through mild steel sleeves embedded through the
breadth of a reinforced concrete column. The bolts are also
passed through matching holes drilled in two stiffened steel
brackets as shown in Fiqure (1.4). Then, the pair of brackets on
opposite sides of the column are held in position by tightening a
hexagonal nut on each bolt’s end. At this stage, each bracket can
serve as a seat angle for the incoming beam end. Having usually a

recessed end, the beam confines the bracket within its cross
section.
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1.6 Potential Failures

Figure (1.5) shows a typical sleeved bolt connection supporting a

recessed reinforced concrete beam. Potential failure locations,
shown 1n this fiqure, can be grouped in the f£following three
groups:

1.6.1 Potential Failures in The Beam:

a) Flexural failure due to the yield of the longitudinal tension
reinforcement in the bottom of the beam. This is usually
accompanied with the formation of £flexural cracks in the

beam’s bending span.

b) Shear failure of the concrete near the beam end. This is
characterised by the extending of inclined cracks, initiated

at the maximum shear plane, towards the top face of the beam.

c) Concrete crushing at the top face of the beam where maximum

compressive stress is found.

d) Yield of the longitudinal reinforcement provided immediately

above the cast—-in bearing plate at the beam end.

e) Yield of shear reinforcement provided in the form of either

steel links or bent-up bars.

f) Failure due to improper anchorage of tensile reinforcing bars
and the steel links close to the beam end.

g) Bearing failure due to the high local stresses at the beam end
which acts as an inverted corbel. Local cracks are most likely
to occur at the inner edge of the bearing plate.

The above listed failure modes were reported and predicted in

previous experimental and numerical investigations [41-43]}. It
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was found that the ultimate load and consequently the failure
mode were highly sensitive towards the details of the beam end.
The amount and arrangement of reinforcement, distance of reaction
from the full depth section of the beam and the presence of
horizontal loading affected the behaviour of the beam end.

It was also found that secondary modes of failure can be excluded
by adopting effective beam detailing and meeting the requirements
of bond, anchorage and bearing stresses of Codes of Practice
[18,19]. Adequate recommendations on detailing and design of

recessed beam ends are given in References [1,3,44].

The serviceability behaviour of the recessed beams (half joints)
has been the subject of a recent research [45]. In this research,
Clark et al. reported an extensive test data supported by finite
element analyses. They concluded that the service load behaviour
was improved significantly by providing inclined reinforcement in
a half joint. They also revealed that bearing type had an obvious

effect on the service load strains, crack patterns and failure
load.

1.6.2 Potential Failures in Steel Members:

a) Yield bearing of the bracket’s loaded plate may occur if the
bearing strength of the bracket’s material is exceeded.

b) Bending failure of the loaded plate is also possible if it is
not well stiffened.

c) Fracture of the fillet welds used in connecting the different

parts of at the steel bracket.
d) Bearing of the bolts against the top of the bracket’s matching

holes. This may lead to a failure if there is insufficient end

distance allowing the bolt to split out through the plate.
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e) Shear failure of the bolt takes place when the applied load
exceeds the bolt’s shear capacity. A critical shear plane is
more likely to pass through the bolt’s threaded area where the

cross section area 1is reduced.

These failure modes can be excluded by making the bracket’s
loaded plate sufficiently thick and stiff. Also by designing the
fillet welds to be capable of transferring the 1loads safely
between the connected parts. The above mentioned failure modes
have been reported and discussed in detail (46,47). Extensive
studies have been carried out in the field of bolted connections
in structural steel frames. In these studies, details of the
connection, welding effects, type and arrangement of bolts were
examined. The reader 1is referred to References [48,49] for
excellent lists of published works on steel frames with bolted
connections. However, in this study, failure modes of steel
components are not of particular interest as they have more

accurately predictable performance.
1.6.3 Potential Failures in The Column:

a) Yielding of the sleeve at its loaded end due to the bearing of
the bolt. This is always accompanied with progressive concrete

crushing in the cover region directly beneath the sleeve’s
loaded end.

b) The horizontal component of the force normal to the curved
external sleeve surface causes cracks formation in the column
below the bolt 1level. These cracks may develop downwards
reducing the capability of the connection to support the
applied load.

c) As the concrete looses its tensile strength below the bolt
level, axial tensile stresses start to develop in the steel
links found in this region causing them to yield at higher
loads.
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d) Spalling of the column face immediately below the bolts level
may occur. This occurs as a result of the high developed

bearing stress in this area.

e) In the case of applying unsymmetrical loading at both ends of
the connection, a bending moment may develop causing the

. formation of side cracks in the column.

Despite the many publications which addressed the previous two
types of failures, i.e. failures in the recessed beam and in the
steel members, 1little published data -exists regarding the
potential failures in the column [21]. Moreover, no design or
detailing recommendations could be found covering the sleeved
bolt connections. Since the behaviour of such connections is a
topic not covered by current design sources [(1-3,18,19] 1t

warranted further study.

1.7 Work Scope

This study is concerned with the investigation of sleeved bolt
connections under the application of symmetrical vertical loading
only. To achieve this, four full scale tests were carried out,
varying the number of bolts per joint as an experimental
parameter. This series of tests was used to examine the effect of
bolt density on the overall joint behaviour, e.g. failure mode,
strength and stiffness. To assess the effect of concrete strength
and its confinement on the load-carrying capacity of a single-
bolted joint, another series of tests were subsequently carried
out with lower concrete strength. In this test series, different

degrees of concrete confinement were provided to the joints.

It is well known that instrumentation used in measuring details
of stress concentrations in concrete have a great effect on the
accuracy of the results. Due to this apparent problem, numerical
models using the finite element method have been developed to
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show the development and distribution of these stresses. It was
also intended that the finite element modelling method would be
calibrated against the test data for subsequent use to simulate
the behaviour of tested joints at both working and ultimate
loads.

1.8 Thesis Layout

Y

In this thesis, the details are given in Chapter two of the tests
carried out on joints involving one, two, three and four sleeved
bolts. This is followed in Chapter three by a discussion of the
experimental results. Chapter four presents the numerical part of
the investigation concerning the finite element model development
and its geometry, together with a description of the £finite
element package used (ANSYS). Chapter five sets out the basic
properties used for the numerical modelling of concrete material.
The numerical results and their comparison with those obtained
experimentally are covered in Chapter six. The effect of concrete
strength and 1ts confinement on a single-bolted joint is examined
both numerically and experimentally in Chapter seven. Finally,
Chapter eight summarises the general conclusions and formulates

recommendations for future work.
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Precost beam

Steel plate

column

Steel angle

R. C. Corbel

k.

FIGURE (1.la) : A BEAM-TO-COLUMN CONNECTION WITH A REINFORCED
CONCRETE CORBEL.

V éApplied load
T Tensile force
C Compressive force

FIGURE (1.1b) : SIMPLE TRUSS ANALOGY FOR DESIGNING CORBELS.

V Appled load

N Yield stress
Ac Steel area

I'-": Compresstve force

FIGURE (1.1c) : FORCES AND STRESSES AT A COLUMN-CORBEL INTERFACE.
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Steel billet In—situ
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FIGURE (1.2a) : A BEAM-TO-COLUMN CONNECTION USING A STEEL BILLET,.

Q V Applied load
CE Cl& CE Compressive forces
Q. Load eccentricity
L . ProJecting length
LF.’ Embedment length
L L
2 1

FIGURE (1.2b) : FORCE SYSTEM FOR A STEEL BILLET LOADED IN SHEAR.
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FIGURE (1.3a) : A BEAM-TO-COLUMN CONNECTION USING HEADED STUDS.

V, N Applied forces

M Applied moment
L Embedment length
d

Stud diameter

.
o
. ] i:”,)”

Stud spacing

FIGURE (1.3b) : TYPICAL DESIGN ELEMENTS FOR A HEADED STUDS JOINT.
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. Bolt sleeve
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top and bottom

Steel bracket

Precast column

FIGURE (1.4) : STANDARD DETAILS OF A SLEEVED BOLTS CONNECTION.

~20-



"NOILLOINNOD SLI0H QUAIHTS ¥ NI SNOLLVOOT RHNNTIVA ITVILNILO -

UO|3.D3UUO0D 3Y3 340 MIIA 3PIS

3]0DS 03 3ON

4NV pPlaA

$HD0uD SJoq a)SuI)
o ) _,‘
_

SHU) JOaYS
=T 30 pas

aJunyvoj
Joays 3j0g

a3v)yd Jo 3)0q
30 GBuiuvaqg

933407 injv g abouoyouy

(G°T) NOIJ

JOACWAU S,3.3XD0ug

Y3340 31203 UWN)I0]

IAI\S
pauwJ0ja(

-] =



EXPERTMENTAL PROGRAMME

2.1 Introduction

A well known approach for proposing recommendations regarding the
design of a structural connection is to determine the performance
under both working and ultimate loads. This is usually achieved
by having a statistically large number of properly devised and
performed tests. Such a technique is always associated with high
costs and time consumption, but nevertheless it leads to better
understanding of the connection behaviour. The lack of published
test information on the behaviour of sleeved bolt connections
raised the need for their testing. In view of the high local and
bearing stresses developed, and the susceptibility of the
concrete faces to spalling, testing was considered to be the most
effective way of determining the load carrying capability of the
less ductile concrete component. The intent of the series of
tests described in this chapter, is to assess the effect of the

number of bolts per joint on its general behaviour.

The experimental work for this investigation was carried out 1in
the Heavy Structural Laboratory at the University of Southampton.
In this chapter, the details of test specimen, instrumentation
and other experimental considerations used during the course of

the testing programme are described.

2.2 Test Programme

As can be seen from the description of the connection, given
earlier 1in Chapter 1, 1its formation comprises different

materials. For this reason it is not surprising to expect that
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its performance can be greatly affected by the characteristics of
these materials.

Variables which may have an effect on the connection’s ultimate
capacity can be summarised as follows:

1. Number, size, spacing and arrangement of bolts per joint.
2. Presence, size and spacing of steel 1links surrounding the

joint.

3. Yield strengths of steel members, i.e. bolt, sleeve, links,
and brackets.

4. Concrete properties, i.e. compressive and tensile strengths.

5. Geometrical properties of steel brackets, such as plate
thickness, diameter of the mounting holes and the clear edge
distance between the holes and the nearest edge of the plate.

6. Size of fillet welds which are used in forming the steel

brackets.

When the connection is under pure shear loading, the load 1is
transferred from the bracket to the column through the bolts.
Bearing of the bolts on the sleeves then transmits the load to
the concrete. Thus two principal modes of failure of the

connection are susceptible to occur at ultimate load. They are,

a) The bolt may fail by being sheared off completely, most likely
at the threaded portion where the shear plane passes. This
will happen 1if the concrete is strong enough.

b) The concrete may crush beneath the sleeve sufficiently for the
sleeve to move vertically downward through it causing a

lateral force to develop. This force is equivalent to the
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horizontal component of the force normal to the curved
external sleeve surface as shown in Fiqure (2.l1). Such force
causes a tensile stress in this reqgion. If the stress has a
value higher than the concrete tensile strength, a vertical
crack would appear. This is followed by development of tensile
forces in the links beneath the sleeve causing them to yield
at higher loads. After 1link vielding, the already cracked
-- concrete would support no further loading and failure would be

inevitable.

In either mode of failure, the concrete beneath the sleeve near
the loaded end becomes crushed locally due to the high bearing
pressure induced by the bolt shank.

In this test programme the number of bolts per joint was the
principal experimental parameter. To achieve this, the test
programme was divided into four tests. Each of these involved a
joint with a different number of bolts ranging from one to four
in steps of one. One test specimen was designed to accommodate
all four joints. The arrangement of the joints is described in
detail in the following sectﬂion. At the end of each test, the
specimen had to be removed from the testing machine and cut off
below the level of influence of the last test.

2.3 Design of Test Specimen

The test specimen was a reinforced concrete column of 300mm
square cross section and a total height of 2740mm. Details of the
column are shown in Fiqure (2.2). The column had a rectanqular
base 900 x 300mm, This wide breadth was chosen for the following

reasonss

l, To increase the stability of the column during its assembly
Process.

2. During testing, the column would be held in the vertical
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position. Therefore, it was required to have a larger 1load
distribution area between the column base and the testing

machine base.

3. This breadth was the maximum allowable within the restriction
of the available curing tank size.

4. The 900mm breadth made it possible to have an inclination of
45 degrees on two opposite sides of the column. This angle was

a convenient one from the construction point of view.

To account for the four different joints, a total of 10 mild
steel sleeves of 300mm length each, were cast in and arranged in
four groups. The number and spacing of them are shown in Fiqure
(2.2). This arrangement was adopted to allow for the required
tests to be carried out as mentioned earlier. Each sleeve had an
internal diameter of 27.0mm with a 3.0mm uniform wall thickness.
This value of internal diameter was chosen as the bolts to be
used in the tests had a 24.0mm nominal diameter.

A minimum vertical spacing of 500mm was adopted for the distance
between any two successive top rows in any group. This value was
chosen so that any concrete cracks which occurred during testing
one group of sleeves would neither reach nor affect the next

group.

The column was reinforced with four 25mm longitudinal deformed
steel bars. 8mm steel links, at 50mm centres, were used along the
column height . This value of links spacing had to be slightly
changed if interference with sleeves would occur. Each main bar
had a 50mm protruding length from the column’s squared end which
passed through the shutter to ensure accurate location during the
casting. Cutting these protruding lengths flush with the concrete
surface resulted in having uniform bars cross sections with
smooth surfaces. This allowed holes to be drilled in these bars
afterwards to facilitate fixing part of the test setup as will be
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explained in Section 2.5.

A horizontal spacing of 65mm between vertical centrelines of any
two adjacent sleeves was kept constant throughout the column.

2.4 Concrete Casting and Curing

The concrete mix was white Portland cement, 5mm down fine
aggregate, 10mm and 20mm coarse aggregate in the ratio 1 : 1.48 :
0.85 : 1.7, with a water/cement ratio of 0.375. The mix was
designed, using the DoE mix design procedure [50], to give a 28
days target mean strength of 52.0 N/mmz. White cement concrete
was used as it tends to be better than Portland cement concrete
in crack detection. Four batches were required in order to cast
the column. Three 100mm cubes, one 100x200mm cylinder and one
500x100x100mm prism were cast as control specimens for each
batch. These specimens were used to measure the ultimate
compression strength, the tensile splitting strength and the
flexural strength for the concrete.

- The batching was done by weight and the mixing was done in a
0...p1m3 capacity rotary mixer in the Concrete Laboratory. Both the
aggregate and the cement were placed in the mixer first and then
the right amount of water was added as the mixing continued. The
ingredients for each batch were mixed for three minutes. The
fresh concrete was immediately transferred from the mixer to the
formwork. Slump tests were carried out for two batches to check
the workability of the fresh concrete. The concrete had a
moderately high workability as the slump values were 65mm and

75mm.

The concrete was cast in a wooden mould placed on a baseboard
laid horizontally on the floor. Care was taken to insert the
sleeves 1n their exact locations. These locations were carefully
marked on the baseboard and a set of solid cylindrical timber

dowels were nailed to the centres of these markings. Each piece
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had a diameter slightly less than the sleeve internal diameter
and a height of 30mm.

The reinforcement was placed as a cage, then the sleeves were
slotted over the nailed timber dowels which held one end of each
sleeve in position. Another set of similar timber dowels, nailed
to cross members connected to the mould, was provided at the top
of sleeves to ensure the sleeves were firmly fixed in position
during casting and vibrating. These dowels also helped 1in

preventing concrete grout from passing into the sleeves.

Before casting, the baseboard was cleaned and the mould was
treated with o1l to ensure a good surface finish on the concrete.
A set of spacers was used to ensure a consistent 40mm concrete
cover along the column edges. These edges were chamfered by using
plastic chamfer edge profiles. The control specimens moulds were
cleaned and coated with mould oil. As they were filled with fresh
concrete they were vibrated on a vibrating table.

The concrete once placed in the mould was vibrated, and at the
end of casting the concrete top surface was levelled and
smoothed. The formwork and moulds were then moist cured with damp
hessian and plastic sheets. The column was then stripped from the
mould the following day, lifted out by an overhead electrical
crane and laid horizontally in the curing tank. The column was
left in the tank for 15 days at 20 degrees when it was removed
for setting up the tests.

2.5 Test Hardware

2.5.1 Steel Bolts

Each steel bolt used throughout the test programme had a nominal

diameter of 24mm and a total length of 390mm. This length, which
includes a threaded part of 35mm on each end, was chosen to avoid

having the threads in direct contact with the sleeves’ inner
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surface during testing. Another reason was to allow for the
tightening of a nut, on each side, after passing the bolt through .
the thickness of the bracket’s back plate. When assembling there
was no trace of dirt or rust on the bolts’ surfaces.

2.5.2 Steel Brackets

The brackets were made from grade 43 steel plates. Fiqure (2.3)
shows the details of their dimensions and patterns used in the
tests. Each bracket consisted of three parts:

a) A vertical back plate of 20mm thickness with a specified
number of 27mm holes drilled in 1it. Number of holes and
dimensions of the plate were chosen according to the number
and arrangement of tested bolts in the joint. Care was taken

during drilling the holes to minimise misalignment errors.

b) A horizontal plate of 15 or 20mm thickness was attached to the
vertical one by a full penetration arc weld. This plate worked
as a seat plate to allow for the load to be directly applied

on the joint.

c) Webs, which were designed to carry safely the applied shear
force, were welded to both the vertical and the horizontal
plates. Apart from the first single-hole pair of brackets,
each bracket had two webs. Web thickness was either 15 or 20mm
depending on the predicted shear force to be carried.

All welds used in connecting these parts together were fillet
welds. They were designed in accordance with BS 5950 [51], to be
capable of transferring the loads safely between the connected
parts,

2.5.3 Loading Plates
The loads applied to the joints were transferred from the testing
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machine by means of two mild steel plates 300mm high by 250mm
wide by 40mm thick as shown in Fiqure (2.4). This thickness was
chosen to avoid buckling of the plates under the application of
maximum load. Both top and bottom surfaces of the plates were
machined to provide uniform regular surfaces in contact with the
machine platten and the brackets respectively. In all tests, the
top surfaces of the plates were not less than 50mm higher than

the column top to avoid applying any direct load on the column.

2.5.4 Testing Machine

The hydraulic machine used in applying the load in all tests had
a maximum capacity of 1500 KN. It had two flat plattens, the
bottom one could be moved in and out of the rig by means of
rollers while the top one could only be moved vertically and
fixed at set intervals. To apply a load on a specimen the bottom
platten 1s moved vertically, thus pressing the tested specimen
against the fixed top platten. At any stage of loading, the value

of the applied load was indicated by the machine’s calibrated
dial.

2.5.5 Mounting Frame

Having common measurable quantities to monitor in all tests, as
will be seen in Section 2.7, raised the need of having a single
frame surrounding the joint. This frame could be used in all four
tests for holding the measuring equipments in the required
positions. This was achieved by using two U-shaped steel plates,
émm thick, fixed to the top of the column. It should be noted
that top of the column was an unloaded area of concrete during
testing. Therefore, the top of the column provided an origin for
the measured quantities, i.e. it eliminated potential movements
of the column with respect to the testing machine. Each of the
U-plates had two slots so that 1it could be connected
independently to the column by two 12mm bolts. The slots provided
flexibility in horizontal adjustment as each bolt was bolted into
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a 12mm threaded hole drilled and tapped in the main column bars.
The holes were drilled after having the initially protruding part
(approx. 50mm in length) of each bar cut to have the bar ends
flush with the column top. Subsequent tests also had the bar ends
flush with the top face after previously tested sections of
column had been cut away. Fiqure (2.5) and Plate (2.1) show
details of the mounting frame.

An 8mm hole was drilled and tapped in each protruding edge of the
U-plates. Four steel rods of 12mm diameter and 500mm length were
connected to these edges by means of 8mm bolts, see Figure (2.5).
This was simply done by having a female thread in each rod’s end
to meet the bolts. In the meantime, the bottom threads were used
for connecting the rods to a closed steel frame. This closed
frame which was in the form of four 6mm steel plates, bolted
together at the corners, was provided to increase both rigidity
and stability of the whole mounting frame.

2.6 Test Setup

The bottom platten of the machine was pulled out from the rig and
the position of the column base was carefully marked on by
reference lines. This was done as it was important to have the
column centralized in the rig so that the applied load would be
divided equally between the brackets.

The vertical steel rods, connected to the bottom closed frame,
were lowered over the top of the column. After the column was
held vertically in this position, the U-plates were connected to
the column top as has been described in the previous section.
Effort was taken to ensure levelling of each plate individually.
Then the lower part of the frame was lifted to have the top of
the rods connected to the protruding edges of the U-plates. This
was followed by adjusting the frame in position around the joint
and ensuring that the whole mounting frame is rigid enough to

hold the transducers.
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At this stage, the brackets could be offered up to the column
faces and the bolts were passed through the brackets’ matching
sleeved holes. Two nuts were used per bolt to hold it 1in
position. Care was taken to have the brackets horizontally
levelled after finger tightening the nuts. After mounting all the
transducers, the two thick steel loading plates were put 1in
position with the help of an electrical crane. The loading plates
were resting vertically on the horizontal plates of the brackets
creating a 60mm load eccentricity from the column face as shown
in Fiqure (2.4). A 500mm long threaded rod was provided across
the top of the plates (passing clear over the column top) to be
used as a safety restraint during testing. This was also to stop
the plates from falling after failure of joints. The general
arrangement for the test setup is shown diagramatically in Figure
(2.4) and photographically in Plates (2.2) and (2.3).

Having the column on the bottom platten, the latter was then
pushed back to its original position in the test rig. The top
platten was lowered until it reached the nearest possible
distance to the thick plates where it could be fixed in position.
The bottom platten began to be moved upwards until the top of
both thick plates came at the same time into contact with the top
platten. At this stage the test was ready to be started.

2.7 Instrumentation
2.7.1 Transducers

The load-deflection characteristic is the fundamental information
required for any bolted connection. One major problem faced 1in
preparing the test is that the data needed for such deflections
is often from locations inaccessible to instrumentation. To
overcome this problem, some measurements had to be taken as
representative for other actual ones. This is demonstrated 1in
measuring a bolt’s vertical deflection as will be described in

the following section,
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The instrumentation for each test was almost identical. However,
some slight changes had to be made to account for the increase in
number of tested bolts per joint. For each bracket, a number of
linear displacement transducers were positioned on the mounting
frame in such a way that the following quantities could either be
measured directly, or be determined from other readings, at

successive increments of loadings:

1. The downward vertical deflection of both the top and bottom

edges of the bracket’s back plate. The former was measured at
the centreline of each bolt while the latter was measured at
the plate mid-span.

2. The variation of the concrete sideway deflection along both
sides of the brackets.

3. The longitudinal deflection of the bolts, i.e. their axial

pull-out/drawn-in movements.

4, Bracket side-sway (if lateral translation occurred).

The locations of transducers for a typical joint are shown in
Figure (2.6) and Plate (2.4).

2.7.2 Data Logger

A Solatron Orion data logger was used to record the readings
measured by the transducers. The data logger provided an accurate
conversion of the transducers’ resistances in ohms to the
required output in millimetres. A total of seven input connection
cards for the 40 channels were used. All transducers were wired
separately to the data logger using four-core insulated copper
wires. A DC 110 cartridge tape recorder was used to save all the
readings during the test so that the data could be transferred to
the University computing facilities for post-processing.
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All the operation parameters for scanning the transducers were
set up and saved on the tape. Necessary information concerning
the voltage, the channel numbers, the rate of scanning and the
output device was input to the program.

A built-in printer gave a hard copy printout for all the
measurement data. This printed readings at each load increment,
allowed a continuous assessment of the joint behaviour to be made

as the test progressed.

2.8 Installation of Transducers

The transducers had either 10mm or 15mm strokes. They were used
extensively to determine the movement of the bolts, the brackets
and the concrete around the joint under the applied load.

According to the required quantities to be measured they can be

divided into four groups:

a) Group 1

This group of transducers was concerned with measuring the
downward vertical deflection of each bracket’s back plate. As
have been described above, these measurements were taken as
representative of the bolt’s vertical deflection. Transducers
with 15mm stroke were positibned vertically above each bolt in
the top row, having their arms compressed against the top of the
back plate. When there was more than one bolt, a horizontal
distance of 65mm was adopted between the two transducers so that
in all cases, each one was aligning with the centre line of a
corresponding bolt. In the single bolt joint, in addition to the
transducer positioned above the bolt, two additional transducers
were provided, i.e., one at each edge of the back plate.

To mount the transducers on a bracket, both transducers were

fixed with a purpose-made aluminium channel bolted to a steel
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angle. The angle was running horizontally between, and clamped at
both its ends to, two of the steel vertical rods which were part
of the mounting frame.

The central bottom deflection of the back plate at its mid-span
was also recorded for each joint during testing. This was
measured by a transducer positioned vertically below the bracket.
This transducer was fitted to a stand which had a magnetic base
attached to the bottom stiffening closed frame.

b) Group 2

This group consisted of 24 transducers with strokes of 15mm. They
were used to record the sideway movements of the concrete on both
sides of the brackets. On each side, six transducers were
vertically spaced in such a way that the second one from the top
was located at the bolt’s centreline level. The others were
corresponding to the positions of the steel links above and below
the joint. This arrangement was chosen because an earlier test
[21] showed that the concrete movement above the level of top
bolts is small compared with those below it. The six transducers
forming a group on one side of the bracket were fixed with an

aluminium channel held by the vertical mounting frame rods.

These positions were chosen to measure the concrete movement as
it was expected to show a noticeable sideways movement when
cracks start to form after yield of the steel links. The arms
were partially. compressed against the concrete to allow for
recording either concrete expansion or contraction. Their points
of contact with the concrete surface were only 2bmm away from the
column edges to avoid having them positioned over the virtually
fixed column main bars.

c) Group 3

For each bolt in the top row, two transducers were used to
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measure the axial pull-out or drawn-in movements. As the top bolt
ends were hidden behind the vertical loading plate, these
measurements could not be obtained directly. To overcome this
problem, a 6mm deep hole was drilled and tapped in the centre of
the bolt’s end. A T-shaped flat thin steel plate was attached to
the bolt end by a fixing into this hole. This allowed the axial
movement of the bolt to be measured remotely. The transducer arm
was half compressed to allow for movement to be recorded 1in
either direction. All magnetic bases of the stands used 1in
holding these transducers were firmly clamped by G-clamps to the
mounting frame.

d) Group 4

In spite of having both brackets initially levelled horizontally,
two transducers, one per bracket, were positioned to measure any
lateral translation of the brackets during loading. They were
located on the back plate’s sides, at the level of the bolt’s

centreline.

Transducers used in all four groups were calibrated independently

using a calibration micrometer.
2.9 Test Procedure

Before the loading plates came into contact with the machine
fixed top platten, the input connection cards were connected to
the data logger. Then the data logger was switched on and the
saved program was loaded from the tape. A final inspection was
made to ensure that all transducers were correctly and securely
positioned and then the initial readings of all transducers were
scanned.

The test procedure consisted simply of the gradual application of
load. This continued until the 1joints were not capable of

supporting any further load or for some reason no additional load
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could be applied. The load was applied in initial increments of
50 KN and when the monitored deflections showed large increases,
indicating onset: of nonlinearity, the 1load 1increments were
reduced to 25 KN. The load-deformations data were recorded for
each load increment. Visual inspection of the joint surrounding
was carried out throughout the test to record any visible crack
formation.

To record any changes in deflection due to creep or yielding
effect, the load was maintained constant over a period of two

minutes, for each load increment, before another scan was taken.

After the end of each test, the transducers, the loading plates
and the mounting frame were removed and kept for future use while
the conditions of bolts and the brackets were examined. The
column was lifted away from the test rig and a cover meter was
used to detect steel links locations below the level of the
tested joint. Then a level was specified for cutting off the
affected column section. This check was done to avoid the
difficulty in cutting through a steel link, and also to provide
enough concrete height above the joint, to be tested, thus
preventing any premature failure there.

A masonry saw was used to cut the column off at the marked level.
The saw’s cutting head was placed on a moving trolley in order to
have the column laid on the ground during cutting as shown in
Plate (2.5). The trolley was positioned 1in a t;:ay such that the
machine blade would be cutting through a direction perpendicular
to the sleeves axis. Guide wheels were used to have a precise
cutting track. Wooden straight edges, orthogonal to the column
edges, were also used to guide the wheels.

The cutting process started from one side of the column and
continued vertically towards the column middle section. Cutting
was stopped when the cutting efficiency of the blade was reduced
due to the limitation of its radius. Then the saw was removed and
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the column was turned upside down for cutting from the other

side.

2.10 Material Properties

2.10.1 Concrete

As-mentioned earlier, twelve 100mm cubes were cast from the four
batches. Four cubes, one from each batch, were cured with the
test specimen under the same conditions. One of each was tested
on the same day as testing. Tests were carried out at 33, 46, 53,
and 73 days, respectively. The remaining cubes were water-—cured
until testing. Testing cubes was conducted in accordance with BS
1881:1983. Results obtained are shown below in Table 2.1, from
which the average concrete cube strengths for the wet-cured and
dry-cured cubes were 67.00 and 69.125N/mm2, respectively.

Assuming that the cubes’ failing loads, for water-cured cubes,
are normally distributed with only 5% probability that a result
would fall below the mean value of these loads. A mean value of
61.9 N/mmZ*was obtained for the concrete material.

Batch|Curing|Failing|Compressive
No. | Typ Strength
(N/mm2 )
, Dry

1 753 75.5
1 Water| 646 65.0
2 Water| 676 68.0
3 Water| 728 73.0
4 Water| 659 66.0
2 Dry 751 75.0
3 Dry 762 76.0
1 Water| 679 68.0
2 Water| 677 68.0
3 Water 646 65.0
4 Water| 627 63.0
4 Dry 498 50.0
TABLE 2.1 : RESULTS OF CONCRETE CUBES TESTING.
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All four cylinders were water cured and tested at an age of 46
days. As can be seen from Table 2.2, all four results obtained
from indirect tensile strength tests are consistent, giving an

average of 4.05 N/mfm2 for the concrete tensile strength.

The four prisms were tested at an age of 60 days. An average of

6.22 N/mm2 was obtained for the concrete flexural strength.

Cylinders 100 x 200 mm Prisms 500 x 100 x 100 mm

Batch|Age at|Failing|Tensile |Batch|Age at|Failing|Flexural

No Test | Load Strength
(N/mm2 )
1 46 6.33
2 46 6.03
3 46 6.45
4 46 6.06
TABLE 2.2 : RESULTS OF CONCRETE CYLINDERS AND PRISMS TESTING.

2.10.2 Reinforcing Steel

Two tensile tests were carried out in accordance with BS 4449 :
1976 to get the vyield stress for the deformed bars used as column
main bars. Using a Demec strain gauge, a series of strain values
was obtained up to the yield point. The steel proved to have a
well defined yield point and its value was 448.0 N/mmz. Both
tests had to be stopped before obtaining the ultimate strength.
This was due to the slipping of the ribbed samples in the testing
machine jaws.

The 8mm mild steel bars used as steel links in the column had a
remarkable high value of yield stress. An average value of 450.0
N/rrrm2 was determined from four tensile tests.
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2.10.3 Sleeve Material

As there was no available specification regarding the sleeve
material properties, it was decided to carry out a simple tensile
test to determine the relevant yield stress and elastic modulus.
Having only a wall thickness of 3.0mm, there was a problem of
applying a tensile load without damaging the sleeve cross
section. A solid mild steel cylinder, 50mm in length, was fitted
in each end of the sleeve to make sure that the testing machine’s
clamping jaws would not crush the sleeve ends at the early stages
of loading.

The tested specimen had a length of 300mm. Two punched marks,
50mm apart, were made on the sleeve surface. These marks which
were used as reference points for strain measurements, were near
the sleeve mid-length to avoid areas of stress concentration
close to the jaws. The scale of the loading machine was adjusted
as the expected yield stress was around 250.0 N/mmz. Then load
was applied incrementally. The strain was measured for each load
step by means of a Demec strain gauge. As the strain measurements
were taken manually, three strain values were read for each load
step up to the vyield load. The average of these, with the
exclusion of the outlying values, was used in obtaining the
stress-strain curve for the material shown in Figqure (2.7). The

yield stress was found to be 274.0 N/mmz.
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PLATE (2.1) : DETAILS OF THE STEEL MOUNTING FRAME USED FOR HOLDING
THE TRANSDUCERS IN ALL TESTS.

PLATE (2.2) : ILLUSTRATION OF TEST ASSEMBLY FOR A SINGLE-BOLTED JOINT
WITH THE LOADING PLATES IN POSITION.
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: VIEWS OF TEST ASSEMBLY FOR THREE- AND FOUR-BOLTED

PLATE (2.3)

JOINTS WITH THE LOADING PLATES REMOVED.
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PLATE (2.4) : BRACKET CLOSE-UP SHOWING DETAILS OF THE TRANSDUCERS
ARRANGEMENT FOR A THREE-BOLTED JOINT.

PLATE (2.5) : MASONRY SAW CUTTING THROUGH THE COLUMN AT A MARKED

—_______..__#_———-_'_-__'_—_—

LEVEL.
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CHAPTER THREE

DISCUSSION OF TEST RESULTS

3.1 Introduction

The main results for all four tests are given in this chapter.
All loads used in the figures or in the discussion are per bolt
end unless stated otherwise. This is to allow direct comparison
to be made between results obtained for different joints. Despite
the possibility of having initial asymmetry caused by the
positions of bolts forming one joint, an even load distribution
was assumed between them. Deflections are termed negative or
positive, to represent a bolt’s pull-out and drawn-in axial
movement, respectively. Bolts are termed top and bottom when
referring to their location in the joint. Also the bracket
position 1s consistently indicated as A or B, as shown earlier in
Figure (2.6). A number used to define a Jjoint or a test
corresponds to the number of bolts involved in the test, e.q.
joint 2 indicates that there are two bolts forming this joint. At
the end of this chapter, a summary of the important findings is

given.

3.2 Joint Behaviour under Loading

In view of the test results obtained, the structural behaviour of

a typical tested joint can be described as follows:

3.2.1 Deflections and Rotations

During the first load increments, the bedding of the bolt onto
the sleeve led to relatively large deflection val<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>