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SUMMARY

This thesis describes the work which was carried out
to investigate the behaviour of a joint woed to connect
precast beams to colums. The system consists of a steel
plate cast vertically into a concrete column to which are
bolted sirdlar plates which protrude from the ends of
concrete beams, The scope of the investigations is
limited to a study of the behaviour of the column plate
and the stresses in the column produced by the loads cn
the plate,

A theoretical study of these stresses, which makes
use of both a finite element method and : conbinwum approach
is described and the two methods are compared. The
results of the thecoretical investigation are compared
with thosc obtained from tests in which short lengths
of column incorporating a single vertical plate were
tested to failure., It is shown how the ultimate strength
of colurms loaded in this way varies with the cube
strength of the concrete and with the cross-sectional
dimensions of the columns.

Various ways of increasing the strength of the
joint are described; these include the use of a
horizontal ledge attached to the edge of the column

plate and the inclusion of transverse reinforsement
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in the column, which is in contact with the plate.

The effects of loading a column in two directions
is considered and an experimental investigation of the
factors involved when a column is submitted to unsymmetrical
loading is described.

Due to an increased understanding of the major
factors which contribute to the mechanism of the transfer
of loads from steel plates to columns resulting from
these investigations, it was possible to propose more
rational design procedures than have been used up to

the present time.
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NOTATION

Area of a bean or a column,
Width of loading strip or ledge.

Horizontal dimensions of a prism, a column
or a cylindor,

Distanco from the upper or loaded surface of
a cube or prism,

Dopth of cast in column plate,

Modulus of elasticity,.

The distances of the points of application
of loads applied to a cast in column plate
from the faces of the column,

Experimental conpressive strength of concrete,
Experinental value of frictional strass,

The maximum load divided by the cross-
seotional area that a cube or a column

can sustain when loaded through a horizontal
ledge attached to the lower edge of a

vertical plate,

The maximun load divided by the cross-
sectional arca that a cube or a column
can sustain when loaded through a narrow
line load or a vertical plate,

Experimental strength of concrote,
Shear flow,
Thicknoss of plate element,

The horizontal distance between the two
loading points of a plate used to apply
load to a cube or a colunn,
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XV

~oment,
Tho load applied to a cube or a column,

That componcnt of the ultimate load that
can be sustained by a plain column which
can be accounted for by purec bearing,
calculated from tho formula:
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The load to which a colunn is pro-compressed,
That camponent of the ultimate load that

a column can sustain that can be accounted
for by friction,

The maximum load that a cube or a column

oan sustain whon loaded through a horizontal
ledgo attached to the lower edge of a vertical
plate,

The maximun load applied to a column when
the cast in plate is subjected to
unsymetrical loading,

The naximun load applied to a cube or a
colunn through 2 narrow line load or plate,

The load at which spalling was first
observed,

Eccentrically applied loads,

Thickness of vertical cast in column plate,
Direct stross flows,

Cartesian rectangular coordinates,
Constants multiplying D,

Translational displacements,

Direct strains
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Cocffioient of friction,
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Regression coefficient,
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Standard eorror of sample necan,

Corrected standard deviation of population,
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difference of two samples,

Surmation,
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CHAPTER 1

INTRODUCTION
ey

1.1 CONTEXT OF THE PRESENT INVESTIGATIONS

l.1l.1 Precast Concrete Construction

Precast concrete construction as opposed to in situ
construction can be defined as that method of construction
which makes use of components which are manufactured elsewhere
than in thedr final location in the structure in which they are
useds This technique has become accepted in most industrialised
countries over the past fifteen years or so as an indispensible
mothod of construction contributing towards the achievement of
an adequate rate of growth of the building industry required to
cope with the ever increasing demand for factories, schools,
hospitals, housing and the rest,

This has come about for several reasons. The cost of
bullding by more conventional methods has increased mainly as a
result of the rapidly increasing labour costs invalved in
building and erecting the often complicated shuttering required
for in situ concrete; in manually bending and fixing the Bﬁeel
reinforcing bars at site and generally in paying for all types of
skilled ‘and semi-skilled operatives who necessarily have to be
kept employed for considerable periods of time, Also when
building is carried out using in situ concrete considerable
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delay can be caused by the necessity for adequate curing
tino to be provided between the casting of one part of the
structure and related parts., Very careful planning of site
operations is required to ensure that work is dovetailed so
that untoward delays do not in fact occurs This of course
is true of.all building and civil engineering operations but
there is no doubt that the use of precast components not only
allows construction to procede as fast as the members can be
assembled together but also allows considerably more flexibility
in the long term planning of the entire operation,

However, the major advantage that precasting has over the
more conventional methods is undoubtedly due to the fact that
modern methods of manufacture and quality control can be applied

in factory conditions at competitive costs provided there is a

sufficient degree of repetition. If this is the case then the

cost of shuttering, which itself can be manufactured to a high
surface finish and high degree of dimensional accuracy becomes
almost negligible. Stecl reinforcement can be bent and even
assembled automatically and placed in the moulds with little
or no manual intervention., Concrete can be made in factory
conditions to high quality and casting and curing procedures
can be controlled easily without there being any need to rely
on suitable weather conditions. Hence it is possible to

ensure that many of the volumetric changes which concrete
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members undergo in the early part of their life occur before
they are incorporated in buildings. Of course movements
due to changas in the temperature and the humidity can easily
be taken care of in precast concrete construction because of
the articulated nature of the structure, at least in the

early stagoes of construction.

Because of the high degree of control and the more refined
manufacturing techniques which can be applied in the
enviroment of a permanent factory it is possible not only to
make better use of skilled labour but also to economise in

the use of materials, clearly a benefit in present day conditions,

1l.1.2 Types of Precast Concrete Construction

It is convenient to consider buildings constructed from

precast units as falling into two distinct but necessarily

closely reolated types. In the first category arc buildings

which for the most part arc assembled from load bearing slabs
which form the roof, the floors and the walls. Individual
columns and beams are either absent or only occur at certain

special locations, This type of construction has been shown

over the last few years to be cminently suitable for high rise
flats whore excessive concentrated live loads, excepting wind
loads, are likely to be rare or absent altogether,

The sccond category comprises buildings which are formed

from small individual units, columns and beams, which are
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connected together before the floors and walls are added.
This second type of construction has some obvious advantages,
Bacause walls need not be capable of transmitting loads, floor
plans can be altcred, within broad limits, at any time during
thoe life of the buiiding without affecting the ability of the
latter to resist loade Morcover construction procedures can
be somewhat simplified and made more flexible compared with the
first category when a framework is available from the outset on
which to locate both precast or in situ wall and floor slabs,
Indced most buildings which require large unobstructed floor
arcas on more than one storey usually require a primary

skeletal structure.

1.2 OBJECT O THE PRESENT WORK
In both of the categories referred to in the previous

section it is necessary to make some kind of structural
connexion to join the units together and it often happens

that these joints are necessarily made where forces due to
bending or shearing or both are relatively large. Unless a
considerable amount of care is taken in the method of execution

of the connexions they may well foarm points of weakness which

would clearly cancel out all of thc advantages of this type of

construction, Of all the Jjoints that would generally be

required in a building, either bEaa)m to beam, floor to wall or
1
colum to column it has been sald that the most difficult joint
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to form is the one between a beam and a colum: it is an
investigation into this last type of joint which forms the
subject of this thesis,

1,3 NEED FOR RESEARCH
It has become apparent in view of the vast expansicn in

tho use of precast concrete construction that many different
types of connexions have been devised but that there has not
always been enough time for fundamental knowledge of the
strength and behaviour of these connexions to catch up with
the techniques themselves. Consequently designers have often
been left to deal with problems of considerable irmpoartance

to which the established principles of steel and reinforced
concrete design are only partly applicable. Even when tests
on particular connexions have been carried out they have as
often as not been of an ad hoc nature and of very limited
applicability and it is really only within the last five years
that serious attempts by research workers have been made to
obtain, by means of comprohensive testing and analysis, wmore
fundamental knowledge about this subject than was the course
hitherto. It has been noticed that even in the case of the
type of connexion which forms the subject of the present
investigation, and in spite of the fact that it has been
incorparated in a considerable number of buildings designed by
different firms, the rule of thumb method of design bore no
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relation whatsoever to the actual mechanism of the connexion

and there is no doubt that by far the most comnon cause of
failure of precast concrete structures, whether during ercction
or after completion, has been joint failure, rather than member

failure,

1.L DESCRIPTION OF CONNEXION
The connexdion is the bolted steel plate type the simplest

form of which consists of a rectangular steel plate cast
vertically into a preoast concrete column so that one or both
ends of the plate protrude from the faces of the column, A
similar steel plate fixed to the reinforcement of a beam and
protruding from its cnd is bolted to the column plate so that

a gap of a few inches is left between the end of the beam and

the face of the colum. The arran cucat is showm in Figel.l.

In this way a shear connexion is made between beam and columm
which depends forits strength on the behaviour of the concrete
in the colum when subjected to the load transferred to it by

the plate. Of course it is possible with a column of a square

or a rectangular cross-section to have as many as four beams to
connect to the colum and this is easily facilitateds One form
of the connexion known to have been used in practice involves
the use of two beam plates side by side, separated by a small
gap so that they can be slovted over the colum plate and

bolted throughe This procedure could be useful to releive
v
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shearing stresscs in the belts but it is doubtful whether, in
the light of the investigations reported in this thesis, any
great advantage is gained from tho poimt of view of the boaring
capacity of the column,

1.5 ADVANTAGES OF THE TYPE OF CONNEXION

Once the connexion has been made between the cnds of the
beam and the colums by belting the plates together, the
assembly can take lead, In other words, the process is
essentially the same as it would be if a stcel beam was being
located and fixad between two steel stanchions and the time
taken for assembly in the two cases is probably about the
Same., It then only remains to make up the gaps left botween
the ends of the beams and the faces of the columns with lean
mix concrete to satisfy the regulations concerning fire
protection and also architectural considerations but as the
load carrying capacity of the connexion is not dependant on the
strength of the infilling this can be added at a later stage in
the construction process. Provided the joint is strong enough
to resist the imposed loads in the first place there is no doubt

that it is a very useful way of making a beam and a column
because its main advantace lies in the fact that the speed of
orection of the units is not dependant on any other factor than
the rate of working of tho erection gangs. This 1s an
important point and 1s vital to the whole concept of the
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precast concreto construction technique. This gives it,
in the viow of the writer, a distinct advantage over other
types of connexion which depend for example on dowling action
between steel reinforcement and concrete, With this type
of connexdion it is nocessary to wait for adequate curing of
the necessary concrete grouting and infillinge This added
material will inevitably have a tendency to shrink away from
the relatively more mature concrete as meisture is drawn from
it into the air and into the surrounding concrete rendering
a most unsatisfactory joimte

The use of the bolted connexion also obviates the need to
use complicated shuttering which would be required if for
example the beam to column connexion is formed by resting the
ends of the beams on brackets projecting from the colum, a
details which, from an architectural point of view does not add
to the aesthetic quality of many types of building, particularly
when they are used for housinge Moreover the use of complicated
shuttering required for the construction of this type of
connexion increases costs on or off the site and there is no
reason why, provided care is taken, columns containing cast in
stoel plates should not be cast in situ, particularly if the
designer wishes to save the cost of transporting columns forty

or fifty fect long to the site.
Another advantage of the use of the steel plate is that
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there is no intorference with the colum reinforcement steel
which so often occurs when a dowled joint is usede In the
cage of the latter,it is often difficult to place the concrete
with an adequatao degree of compaction because of the congestion
of the steel at the location of the joint, The steel plate
connexion also does away with the need for site welding which,
particularly if it is done in inclement weather, is an
expensive and often a somewhat ineffectual practice requiring

a high degree of expertise and supervision. The only welding
that would have to be done, if it were considered to be essential,
would be to join the stecl plate on the end of the beam to
perhaps two of the steel reinforcing bars and this would in

any case be carried out in the factory before the beam was cast.

1.6 CONTENTS OF THIS THESIS

This thesis describes the work which was carried out to
investigate the behaviour of the joint described in the forgoing
paragraphs with particular reference to the way in which the
simple steel column plate transfers loads from the beams to the
colum. The emphasis was naturally on experimental work in
view of the fact that it was necessary to determine the factors
affecting the mechanism by which the plate transfers load to the
concrete: these were thought to be dependant to some extent
on the particular characteristics of the concrete in the column,

It was inevitable that a statistical approach would be required
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to correlate the test results in view of the inherent
vaﬂabﬂity of concrete and consequently it has only been
possible in some cases to mako tentative design recommnendations.
Nevortholess an attempt was made to determine the stresses set
up in the column in an idealised system and this is described
in the first part of this thesis.

Tho connexion works by primarily transferring shear forces
from the ends of beams to the concrete in the colum and
although it is common design practice to regard the beams of
precast structures, at least under dead load, as "pin-jointed®
it is clear that moment could be carricd from tho end of ono

beam, via the column plate to a beam on the opposite side of

the coluwm in one of two wayse Either the tolerances on the

bolt holes can be kept to the absolute minirmum so that
unrestricted rotation of the beams is kept as small as possible
or, and more probably, friction grip bolts can be employed to
transfer rotation from the beam plate to the column plate.

If the movenie:;ts at each end of opposite beams were equal
clearly the colurm would still only be required to resist a
resultant shear force but if an out of balance moment

condition was developed between the boams then the column

itsolf would be required to take monent, Sonle-tests are

deseribed which were used to investigate the behaviour of the

joint when out of balance monents wore opplied,
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The latter part of the thesis deals with investigations
that were carried out to determine how the strength could be
increcased above that obtained when the simple plate alone was
used to form the connexion. These include the use of a

horizontal ledge attached to the lower edge of the column
plate and the use of transverse stirrup reinforcement in the

colum which is attached to the lower edge of the plate, It

will be shown how a possible design method was evolved to

enable the width of the ledge and its thickness to be determined,
The effect of loading in columns in two directions is

considered and the influence of the shape of the edge of the

simple plate itself were investigated.

1,7 HISTORICAL SURVEY

This survey does not cover all types of beam to column
connexion as they have been adequately dealt with elsewhera,
in particular by Somerville and Eurhousg2) in their informative
paper on the subject of joints betwcen precast concrete memberse.
The few references that have been found concerned with connexions
incorporating steel plates are discussed below.

The earliest of these dates from 1960 in which Giffard(j)
describes some tests that hs carried out, The connexion was
formed by a rolled steel T - section which projected from the
colum with its web vertical and two plates which project

vertically from the end of a boam, the beam plates sitting
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dircctly on the flange of the T = scction., The column was

normally recessed 1xin, above the flange of the T - section
and a gap was left between the colurmn and the precast beam,
the gap being Lin. above the table of the T - section and
22in. below, A skotch of the arrangement is given in Figa,2,
The T - section and the plates projected 23in. and 3% in,
respectively giving %in. tolerance., The contact swrfaces
were welded together so that load could be transmitted.
A stirrup was placed round the connexion and the whole was
encased with in situ concretes Bending and sheer was produced
in both the T - section and the platess Bearing stresses in
the column were assumed to be uniformly distributed over the
flange of the T - section and were given a nominal value of
2000 1b/sq.in., apparently for all the spccimens tested,
whatever the cube strength of the concrete.

Three tests only were made on units containing different

sizes of plates and T - section. TFailure occured by vertical

hair cracks forming in the joint between the beam and tho in situ
concrete which was followad by the beam parting at the soffit

from the joimt., Hair cracks also appeared on the inslde face

of the colum (through which the T = section protruded) under-

neath tho flange of the T = section, spreading diagonally

downward to the corners of the colum. The cracks subsequently

continued diagonally upwards on the two pides of the column
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to cause ultimately complete failure of the column, Gifford

developed an approximate theory to account for the bearing,
shearing and bending forces and found that it was quite
conservative,

The only other report on tests og steel plate connexions

was that produced by Holmes and Bond in 1963 which is dealt

with fully in Chapter 8. The arrangement they used was

basically the same as that described in section l.lk.
Descriptive papers on joints similar to the ones shown(s

in Figs,l.3 and 1.1 respectively were produced by Birkeland ;

and Burrough(é)bub no evidence of testing was given. This

is also true, unfortunately, of the report of the A.«CeI =

A.S5.C.E. Cmmnittee(7)which gives only vague recommendations as

to how the "sheer~plate" type of connexion should be designed

and is of little real use. Examples of two joint details

given in the report regarded as good design-are shown in Fig.l.3.

The report states that no reliance should be placed in the

bearing capacity of the embedded vertical plate of Fig. 1l.3(a)

and all shear forces should be taken by the attached reinforcement.

They also show the type of joint which forms the subject of this

thesis but again are not specific about design methods,
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CHAPTER 2
SO TRy

CONTINUUM METHODS OF STRESS ANALYSIS
B R e L e o N MR O T

2,1 INTRODUCTION

2:1:1 Purpose of Work
In order that as complete an understanding as possible

could be gained of the manner in which lsad is transferred
from a symmetrically loaded plate set vertically on an axial
Plane of a colum to the material of that column it was clearly

desireable to make some theorctical determination of the stress

distributions which result from this type of loading, If it

could be shown experimentally that a particular theoretical
analysis was valid at working load and, moreover, that the same

distributions of stresses existed at loads close to the‘ultimate

then it would be possible to use a knowledge of those
distributions to estimate theoretically the load which caused

failure of the colurm, Moreover, it was of considerable

interest to obtain a viable theoretical analysis in order to
determine whether a column loaded in the manner described above

could be sirmulated by a cube loaded through a central narrow

strip. If this could be shown to be justifiable theoretically,

the advantages arising out of the simplified nature of such tests

would be considerables
(L)

The tests which were reported by Holmes and Bond showed
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that when an unreinforced column was loaded through a vertical
cast in plate the mode of failure was characterised by the
formation of a tensile crack forming in the axial plane

containing the plate which appeared to occur almost

instantaneously at maximum load and resulted in the column

being divided irmto two equal partions, Clearly tensile

stresses at right angles to the planc of the plate had been

induced by the system of loading, It was inferred from the

apparent brittle behaviour of the material of the column and
its mode of failurs that an elastic approach could be used to
enable an estimate of -the major component of the failure load
to bo made and it is described how use is made of the analogy
between the mode of failure of the cylinder used in the indirect

tensile test for concrete, which is described in Chapter 5, and

the mode of failure of their tests or colurns. This question

of estimating the failing load of a column is considered in
more detail in Chapter 8 but it is sufficient to state here

that no fundamental approach to the problem of estimating the
failing loads of columns and of obtaining a valid stress
analysis had been attempted until the work reported in this

thesis was initiated.

2.1,2 Assurptions
The question of whether the material that is being

considered bechaves as a lincarly elastic homogenous solid is a
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Serious one but without making these assumptions any attempt
al a completely theoretical solution of tho state of stress of
a prism under concentrated loading becomes totally intractable,
In the case of concrete in particular, it is known that the
manner in which a member is loaded can affect the behaviour

of the material and the values of the limiting stresses and
strains which occur when the member is loaded to failure,
Moreover it is ismplied in these conditions that the values of
the elastic moduli of concrete in compression and tension are
equal and remain constant throughout the entire loading range.
In fact the tension wsdulus of concrete is believed by some
authorities to be less than the corresponding value in
compression and the non-linearity of the stress-strain
characteristics in both compression and tension, even over a
limited range has been demonstrated many times. Also, it is
assumed that redistribution of stresses due to microcracking
and time dependé%t effects such as creep and shrinkage do not
occur, Owing to the fact that as yet no analytical technique
has been found which is powerful enough to deal with all these
deviations from the ideal elastic homogeneous material it has
proved necessary to make these rather sweeping assumptions if
any attempt is to be made to obtain a theoretlcal examination

of the stress state of a prism under concentrated loads.
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2.1¢3 Formulation of the Problem

It was thought that the best approach to the analysis
was to consider the problem as that of a concentrated load
acting on a small area on the free end surface of a prism
mado of an elastic wmaterial, in other words, to consider the
problem of bearing in isolation from other effects that were
likely to be associated with the plate being cast into the
concretes The general problem of high stress concentrations
under forces acting on small areas arises in a nmumber of
different aspects of civil engineering construction, e.ge in
the case of bridge piers under narrow bearings, in footings and
foundations and also in the anchorage blocks of post tensioned
prestressed concrete beams, Much of the work that has been
carried out has been connected with the last of these examples
and several methods have been investigated with varying degrees
of accuracy. It is not proposed to analyse here all the
existing methods as this has been done adequately elsewhere (8,9)
and it is not claimed that the theoretical work which was
carried out for these investigations and which is described in the
following chapters provides comprehensive solutions to the
analysis but in order that this work may be put in its historical
perspective, some mention of the more important theoretical

atterpts at solving the stresses in blocks loaded by concentrated

fotces is Jpposite.



2.2 STRENGTH OF MATERTALS APPROACH

The first attempts which were made to calculate the stress
in blocks subjected to concentrated forces made use of what is
essentially a strength of materials approach when the block
was considersd as a deep beam and bending moments and sheers
were computed using transverse sections as for ordinary beams,

(10)
Representative of this approach are the theories of Métsch,

(1) (12)
Bortsch and Magnel .

M8%sch in 192l used as a basis the results of some early
tests that had been performed on masonary blocks, He assumed,
as others have done since, that the stresses produced by a
concentrated force acting on one face of a prism are distributed
uniformly at a distance equal to the width of the prism and
also that the curvature of the stress trajectories caused
tensile stresses to be developed at right angles to the direction

of loading which were distributed according to a second order

parabolic law, This latter assumption was based on the rather

sparse strain readings of the earlier tests and cannot be said
to be very accuraﬁe in view of the results of later work,
However, he.was able to estimate an approximate value of the
force which caused splitting and hence of the maximum tensile
stresse.

Bortsch in 1935 developed a more sophisticated approach

in which transverse, longitudinal and bearing stresses were
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obtained from Fourier serlies and the load was assumed to be
distributed parabolically over part of the loaded surface of
the prism, However, it was left to Magnel in 1949 to apply
this approach to the particular problem of the anchorages of
proctressed concrete beams and he put forward this theory
which was based on the assumption that the transverse stress
diagram at any plane parallel to the directicn of loading took
the form of a cubic parabola.and from the expression for the
transverse stress which he evolved he was able to deduce an
expression for the sheer stresses in the blocke In view of
the assumptions that were made with all this work and the
considerable areas of disagrecment that exist it was not
surprising that a different approach was made and the most well

(13)
known of these was reported by Guyon in 1951,

2.3, CO.TINUUM APPROACH
Guyon's paper on the stresses in prismatic bodies loaded

on their surface is of considerable importance in this field

of stress analysis and as the results have been used for
compartive purposes in a later chapter and have been used with
some success in the design of end-blocks of prestresssd cencrcte
beams, a somewhat detailed descriptive account is included in

this survey. (13)

The first part of his paper deals with a semi-infinite

prism of unit thickness loaded by forces of any magnitude and
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inclination to the top surface (the longitudinal axis being

vertical).
€uyon considers the metho?lﬁ§ obtaining Fourier series

used by among other Timoshenko to describe the stress

system required to kecp the prism in equilibrium under the

action of the applied loads. However, the method of applying

stresses equal in magnitude and of opposite direction to those
which exist on the sides of the prism considered by Timoshenko
did not, according to Guyon, yleld the correct solution to the

problem as some of the boundary conditions were not satisfied.

However, it is explained how by using this first method, an
approximate solution is obtained by developing a Fourier series,
the stresscs on the sides of the prism being eliminated by an
equal and opposite stress system obtained by the usual methods

of strength of materialse In this case an Airy stress function

is used. This approximate solution is then expressed in

finite terms after using the usual method of finding the values

of the coefficients from the boundary conditions. A more
exact method is then developed for the case of a single normal

force applied on the top face of the prism by superimposing a
symnetrical force system, whose resultant equals the value

of the applied force, on to an antisymmetrical system whose
resultant is zero. A similar method is developed for tangential

forces acting on the top surface. Rather complicated
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expressions for the resulting direct end shparing stresses are
then found which yield, by a process of numerical reiteration
the more accurate solution to the problem according to Guyon.
The results are presented in six tables which give the axial,
transverse and shoaring stresses at selected locations in the
prism caused either by pure axial or pure tangential loading

at a point on the top surface,
The gencral shapc of the transverse stress distribution

on the prismb centre line which is produced by normal

symmetrical loading is shown in Fig. 2.1. The value of the

maximum tensile stress, its distance from the top of the prism
and the point of zero stress all vary with the loading

distribution, However, for equilibrium to be maintained, the

arcas under the compressive and tensile portions of the curves
must be equal for all loading distributions. It is of course
the presence of these tensile stresses which cause a concrete

prism to fail by splitting when it is loaded by a relatively

narrow strip load, The high compression stresses which occur

just beneath the top of the prism when is is loaded by a
relatively narrow strip load do not lead to failure by crushing

as might be expected because the material is in a three
dimensional state of stress which corresponds closeley to

triaxial compression. Under these conditions the load to

cause failure by crushing would be far higher than that required
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to cause splitting lower down the prisms, The problem of
this compression zone is considered in greater detail in
Chapter 13.

The set of stress profiles for the central vertical
plane reproduced in Fige 2,1 summarises the results obtained
from Guyon!s tables for different values of the “concentration

factor" b/D. b is the width of the loading strip and D the

total width of the prism.
curves have been drawn and loading is normal to the upper

Only the tensile portions of the

surface and symmetrical about the vertical.contre lino, For this

analysis the total height of the portion of the prism under

consideration is equal to D, the .width. It will be noticed

that the profib for the case for which b/D = 0 has no positive

portion which seems to contradict the statement made earlier

concerning equilibrium. In fact, the compressive stress is

supplied by a compressive force acting on an infinitesmal area

for the theoretical case of a knife edge load. This force

balances the tensile stresses. In practice however

compressive stresses arc always produced by forces which do

act on a finite area.

The second part of Guyon's paper deals with the problem
of a finite prism of rectangular cross-section, e.g. cube,
The case of normal symmetrical loading only is developed.

An approximate solution is obtained by using double Fourier
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series and a method of numerical calculation is given for the
case of a single normal p‘oi.nt load on the central axis,
Howover, the method is too restricted and it is felt that the
results obtained from the first part of the papor are generally
more applicable to the subject of these investigations even

when the analysis of a cube locaded by a narrow strip load is

being considored.
It is worth noting that Guyon, in his paper gave no

information concerning any tests that he had performed but
merely referred to some early photo=elastic tests that were

carricd out by Tesar whose results were in close agreement

with his owne.
In their paper on the stress distribution in the anchorage

zona of post-tensioned prestrcssed concrete members, Rowe and

(8)
Zielinski criticise the theory of CGuyon by comparing it with

tho results of later photo-elastic tests performed by

(15,16)
Christodoulides and with the results of their own tests

on concrete prisms. They show that Guyon's theory considerably

underestimates the maximm tensile stress developed in the block

by, in some cases, as much as fifty per cente It must be

remembered however that Guyon!s theory was developed primarily
for the two dimensional case of plane stress and was later

applied to that of the three dimensional case of small loaded

arcas on prisms by modifying tho coefficients given in the
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tables. However, the system of loading used for tha tests
described in these investigations conforms far more closely

to the two dimensional case that Guyon considered than it
does to the three dimensional end block problem and so it

might be expected that Guyon!s theory would have some

applicabdlity. a7
17

The solutions which have been given by Bleich modified
(18)

by Sievers for application to three-dimensional end blocks

of prestressed beams are based on Guyon'!s initial approximation

and have been considered by many authorities to give less

reliable results than Guyon'!s theory, The most recent and

probably the best solut%o?s to the two and three-dimensional
9
case are due to Iycngar

closely his results agree with the main cnes of Guyon, at least

and it is shown in his paper how

in the case of the transverse stress distributions of the two=-

dimensional case.
A fourth method of approaching this problem has also been

considered, that of a two-dimensional finite element mothod
and this is described in the next Chapter., A comparison
between the results of Guyon!s analysis and the finite element
approach is given in Chapter L and comparisons between
theoretical and experimental results may be found in Chapter 6,



CHAPTER 3
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CHAPTER 3

PLANE FRANEWORK ANALYSIS

3.1 INTRODUCTION .
One of the main advantages of using a finite element

approach to stress problems is that a variety of problems
with different boundary conditions can be dealt with
automatically by means of the electronic digital computer
once a sultable analysis programme has been writtens The
purpose of the analytical method is to obtain the stresses
and the strains at the centre of elements of a two-dimensional
grid which is made to represent theelastic stress plane,
It was decided to use the method of equivalent plane
frameworks for the analysis as it was of some interest to
see whother this method could be used successfully to analyse
stress systems of the type described in the last chapter,
The method of solving plane stress problems by means of

equivalent plane framework models has been investigated by
d ( (20 (21)

including Hrennikoff s McHenry , Grinter ’
(23)

many workers i
and recently by Yettram and Hussain and the

(22
McCormick

method has been used in these investligations to obtain the
stresses on the vertical centre line of a plate loaded on its
top edge by a symmetrically placed uniformly distributed load
whose width relative to the width of the plate was altered,
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3.2 THEORY
The method has been well described by Yettram and Hussein

(23)

in their paper from which the following extracts have been
taken,

" A plane framework model is derived to represent a
rectangular element of a plate in extension. The model
consists of four side beams having both axial and in-plane flexural
rigidities, and two diagonal beams having axial rigidity only.
The Poisson!s ratio effect is considered automatically.

A plate is first divided into rectangular elements that
are connected rigidly at their corners, as shown in Fig.3.l.
Each element is then replaced by an equivalent framework model.

Hrenikoff has specified four criteria for the deformability
of a rectangular pin-connected frameworke Hence, only four
cross=-sectional properties can be defined for such a model.
However, with the introduction of the rigid-body rotatiocn in
a rectangular plate element under shear .stresses as an
independant mode of deformation, five criteria for ths
deformability of a rectangular rigidly-connected plane framework
will be obtained, As a consequence, a model with five cross-

sectional propertics will uniquely define a rectangular element

of a plate, The five properties are chosen to be the axial

and the in-plane flexural rigidities of the side beams and

the axial rigidity of the diagonal beams, These cross-secticnal
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properties are evaluated by equating the deformations of
the nodes of the framework model with these of the plate
element, when both are acted on by statically equivalent
loads. The plate element and its model are shown in
Figs. 3.2 (a) and (b).

Extension of a Rectangular Element of a Plate

When a plate element is subjected in turn to systems of

stress flows T;, T, and H as shown in Fig. 3.2 (c), (e) and (g)

the associated displacements are

IAT

1

5, s =—
1 mn

5 - vKTl
2
_ sz
8y = —=
Eh

5 - vlez
4 Eh

(1 + v)IAH
and 55=
Eh
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in which A and XA are the side lengths of the element, h
is its thickness and E and v are the elastic modulus and
Polssonts ratio of its material, respectively. The

deformation of the element in Fig. 3.2 (g) is adjusted so

that the rigid-body rotation equals gero.
Extension of the Plane Framework Model

Consider the arrangement of six beams as shown in
Fig. 3. 2 (b)s The side beams of length A have equal
cross=sectional areas As and equal second moments of area,
Ig ; the side beams of length KA have equal cross-sectional
areas A, and equal second moments of area I,» The diagonals
of length rA have equal cross-sectional areas A d and no
flexural rigidity. All the beams arc rigidly connected at

the nodes.
eese by establishing the governing stiffness matrix

equation for the model and considering the systems of forces
shown in Fig. 3.2 (d), (£) and (h), the associated displace=

ments are

s
mBTl r AB + Ad.

: 3 3
2B r AGAS + AcAd. + k AsAd.

5 k”?\”l'l Ay
7 3
by r’AcAs + AoAc'L + k AsAd




2
68 _ ot T2 . Ad
a
2E r AOAS + A‘oAd + I2A sAd
8,2
69 _‘k A T2 . Ad
t;- i 3 A 3
28 r AGAS + “cAd + k AsAd
3K\t 1
and 610 = )
LE (Sx-aI:3 + Ic"'?.”Ad

Evaluation Of The Cross-Sectional Properties Of The Members

For the plane. framework model to represent the plate

element, corresponding displacements must be equal for the

two systems; therefare

(k® = v)A
A = —————————h
3 2x(1 - v?)
(1 - vie)a
A = =—————h
©  2(1 - v?)
vriA
Ad. = h
2%(1 - v3)

(1.~ 3v)k nr®
8 o1 ~v?) 12
(1 - 3v)x®  has
and I = *

¢ o1 -v2) 12
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For a square element * k=1 then [the abova:l equations
reduce to those obtained by McCormick, Also, when Poisson's
ratio equals-1/3 tho framework model reduces to one consisting
of boams with axial rigidity only, as was derived by Hrennikoff,
Where Poisson's ratio v=0 then & = KA\W/2, A, = A2,

I, = /2, I,= k3A\%h/24 and A; = 0,  and thus the model
would reduce to one with side beams only."

3.3 PROGRAMME
Using the above equations it is possible to replace a

pPlate by an equivalent framework which can(bﬁ)solved by a
2

standard frame analysis computer programme + The resulting
nodal displacements will be those for the plate and from these
can be obtained tlostresses and the strains at the centre of

each element, The programme that was used in this case was
basically a standard one that was suitable for running on the

English Electric KDF 9 and it had been modified so that the data

preparation could be simplified,

3,4 INPUT DATA
In order that the simplified method of data preparation

could be used it was necessary to use frameworks containing

one size of element only. It was therefore necessary to use

a considerable degreec of judgement to choose an element size

which allowed an adequate degree of accuracy without too great

a loss of economy as the time required to run these large
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problems was mainly a function of tho numbar of the elements,
It i3 of interost to recard that in tho case of the problems
that wore run, a framowork consisting of 162 clements was run
in approximatoly S minutes and a framework consisting of 243
oloments tock approximatoly 8% minutes. In view of the
offoctivaness and oconomy with which data preparation was
carricd out for this typo of framowork analysis where very
largo numbers of oquations required solving, the mathod of
data preparation together with a simplo exarple is given in
Appandix A,
3.5 OUTPUT

Tho 1lino printer facility was used to output the results
which consisted of tho following data, For each node: tho
displacements in tha x - and y = directions, tha rotaticnal
displacoment, the resultant dorces in the positive x - and
y = diractions and the moment, For the centro of each element
(nwmbored in the order in which thoy wore submitted in the
input), tho direct strosses in the x =- and y = directions, the
shaar stross, tho two principal stresses, the maximm shear

stross and tho anglo of maximum shear.
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CHAPTER |
Sers——— T

RESULTS AND CQMPARISON OF PLANE FRAIEIDRK ANALYSIS

L.l COMPARISON USING TWO VALUES OF POISSON!S RATIO

L.1.1 Introduction
Bofore any data could bo written it was nocessary to

chooso a suitablo valuc of Poisson'!s ratia because, although
tho calculated strosses should ideally bo unaffected by
difforent valuos of this ratio over most of the region tho
strains would bo affected and it would clecarly be of somo
intorest to compare theorctical and oxperimental values of
strain, Tho value of the modulus of elasticity was also
critical in tho case of strains but as strain is inversly
proportioned to the modulus of elasticity it was only
nccessary to supply an arbitrary value in tho analysis as
correction could easily be made to the strain values, if

necassary after the results wore obtained. Many

25,26,27)
authoritiag " give an average value of 0.15 for Poisson's

ratio for concreto and this was the value that has been used
for all but onc of tho theoretical problems investigated.
However, it was docidad to check the programme by determining

how the strains wore affected and to see whether stresses

wore affectod when difforent values of Polsson'!s ratio was used,

Lel.2 Mathod
For this purpose it was docided to analyse a cube, loaded
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by a vortical central line load on its uppor surface using
Polasont's ratio values of zcro and 0.15. A plate of
dincnsions 6 x 6in, and of thicknoss 6in. was used to similate
tho cubo. It was only necessary to analyse half tho plate
as loading was symmetrical about the vertical centre line os
the nodas on tha contre line were given hordzontal and
rotaticnal fixity. Squarc elements of side 0.333in. and
thicknoss 6in, woro uscd and tho whole mesh was 6in, high and
3in, wide giving 3 x 3 x (&x3) = 162 elemcnts in alles The
plato was regardod as boing fixed at its base so the nodes
along tho base wore given three degrees of fixity to satisfy
tho condition that the base of tho cube was plane and that
friction acted along ths lower platen/concrete interface.
The load applied at the position corresponding to the centre
of the upper face of tho cubo was 20 tens (10 tons on the

actual framowork).

L.le3 Rosults
The rosults are shown in Figs. 4.1 and 4.2. Fig.L.l
shnrs tho stress profiles on the vertical centro line.

of tho cube., Tho sketch shows the mesh that was used, For

convenicnece the transverse stress is denoted by o in 1b/sq.in.

positive for tensile stress and the transverse strain bye,,

positive for tensile strain. D! in inches 1s the distance

from the upper face of the cube.
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It will bo scon that the form of tho distributions follow
tho goneoral pattern of Fig. 2.1; whilo there is good agrecment
batwoen the values of the peak stress and the positions of tha
poaks for v = 0 andy = 0,15 it is clear that there is somo
discrepancy in tho values of tho stresses towards tho base.
Indeod, compressive strossos are present near tho base when
v= 0,15 i3 used in tho calculation, This is not surprising
and follows from the fact that the transverse strain at the
base of tho cubo has been set equal to zero, If the elastic

cquatiocn for plane stress is considered,

o, = -—E—(c:x + vcy)

= p T

whero ay is tho strain in tho vetical direction, assunming

that loading is vertically dowmrards, it is easy to see

that when €, = 0,
E
o x
x © 1 -3 vsy

As the longitudinal strain on thc centre line is compressive
it follows that the transverse stress will be also compressive,

Howover, 4t can bo scen from Fig. L2 that tho magnitude of

the transvarse (tensile) strain whenv = 0,15 is considerably

largor than it is forv = O over mogt of the region except at
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the base when the strain for both valucs of V is zero. The

valuos of tho peak strains are

197 x 1()"'6 forv = 0,15

ol

and 91 x 10" forv = 0

k.2 COMPARISON OF PRISMS OF DIFFZRENT LENGTHS

4.2,1 Introduction
It was stated in the introduction to Chapter 2 that it

was dasireable to detormine theoretically whether or not a

column loaded through a vertical cast in plate could be
sirulatod by a cube under similar loading conditions, For
this purpose a framework of members of length 0,333in, was
used to simulate the colurm of width 6in. and length 9in,’

whose cross-section was squaroj again it was only nccessary to
to analyse half the eolurn as loading was symmeirical., It
was also of some interest to investigate what differcnces
in tho transverse stress and strain distributions would be
caused when a free base condition was used in the analysis

as woll as a fixed one. This case corresponds to the

condition that the base is smooth and hence no frictional
strosses exist botween the lower platen/concroete interface.

A matter of more general interest was a comparison of the

rasults from the planc framework method with the contimum
solution and for this purpose the analysis due to Guyon was

uscode.
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L.2.2 Results

The results of these analyses are compared in Figs. L.3
to 4.7 TFig. L3 shows the comparison of the two restraint
conditions for the cube, It is apparent that while the peak
stresses are unaffected, the magnitude of the tensile stress
towards the base of the cube is larger when the base is free
to expand than in the case when the base is fixed. A similar
difference can be seen in the case of the transverse stress
profiles computed for the two cases, as shown in Fig. L.l.

A comparison of the stress profiles for the cube and
the column is shown in Fig. 4. 5 for the free base condition.
The transverse stress distribution due to Guyon (shown by the
discontinuous line) is also givens It can be. seen from this
figure that whereas the cube and the column results are very
close and are, for the most part identical, the magnitude of
the peak stress given by Guyon!s analysis is considerably
greater than that from the framework analysis. This point
will be considered later. A similar comparison is given in
Fig. Le6 for the fixed base condition., It can be seen from
a comparison of Fig. L5 and L6 that in the case of the
column, the stress distributions are very similar for the two

base conditions, at least for the top 6in. of its height,

Figelis7 shows a comparison between the transverse stress

b
distribution for D = 3 due to Guyon and the framework method
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(base fixed condition), QGood agrecment is obtained between
the peak stress values and their pcsitions and it can be
deduced that, had the cube been analysed using the base free
condition, agreement between the two transverse stress
distributions would have been very good indeed.

li.3 CONCLUSIONS
It is apparent from the forogsing discussicn that tha

moethod of analysis using an equivalent plane framework to
simulate a solid body :Jnder a variety of different loading

and boundary conditions can be usefully applied to the type

of problem which forms the subject of these investigations,

It 1s clear however that when a prism is loaded by a centrally
Placed, uniform line load, the accuracy of the analysis was
limited in comparison with the continuum analysis., The
reason for this undoubtedly lies in the fineness of the mesh
that was useds The problem of the mesh size and the resulting
accuracy has been adequately dealt with elsewhere, particularly
by Hooley and Hibberbtzs)who cams to the conclusion that it
was not only necessary to design a framewcrk model to satisfy
the laws of elasticity and equilibrium but also to consider
the gencral deformed shapes They sald that the arbitrary
choosing of members would generally lead to a violation of at

least some of tho deformation conditions which would lead in

turn to a less accurate model,
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However, the results shown in Fig.lL,7 indicate that when the
rolative loading width 1s greater than zero the accuracy
increases considerably, It was not the purpose of this
investigation to find a definitive mesh size for all loading
widths but clearly one could be obtained although undoubtediy
at the oxpcnse of economic computer utilization. Nevertheless
it has been shown that even when the spread of tho load is
small a cube can be used as a good approximation for a colum
when the free base condition is used,

Comparisons of theoretical strains and experimental ones

will be found in Chapter 6.
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CHAPTER 5

STANDARD APPARATUS AND TESTING PROCEDURES

5.1 INTRODUCTION
It wns deecided to confine the scope of the experimental

work in these investigations to a study of the factars involved
vhen a colum is loaded through a vertical cast in plate.

It was considered that although there were problems concerning
tho action of a vortical plate cast into the end of a beam,

and its connexion to the reinforcement, these were probably
botter undorstood and easier to overcome than those associated
with the transferring of load through a vertical plate cast
into a colum, In order to evaluate with any degree of
thoroughness the major factors involved, it was found necessary
to perform a considerable number of tests on both full size
stub colums and on cubes which were used to simplify testing
procedure. The standard testing and manufacturing procedurcs

areo described in this chapter and variations of these procedures

are dealt with in succeeding chapters and also in Appendix B.

5.2 COLUMNS

5.,2.1 Dimonsions
The standard dimensions of the columns used in the tests

are shown in Figs. 5.1 and 5.2. The cross-sections of all the

colums tested in these investigations were cither 6in. square

or 10in. square and in both cases the standard columns were
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29in, high, the lower edge of tho cast in plate being 15in.,
above tha column basss In the light of the cxperiments
reportod by Holmes and Bond(h)on a similar beam to column
connexion, and also in the light of the theooretical results
reported in Chapter L this distance of 15in. was considered
adoquate for tho sizo of columms testeds In almost all of
tho tests 5/8in, thick plates were castinto the 10in, square
columns and 1/2in. thick plates were used with the 6in.square
oncse For some of the experimental work columns longer than
the standard were cast as shown in Fig.5.2 and these were L2in.
high, the top inch being a capping of mortar. Again the
lower cdge of the plates were iSin. above the base of the
colum, The vertical plate itself was always set symmetrically
on thae colwmis vortical centre line,

5.2.2 Manufacture
The columns wore cast vertically in timber moulds

consisting of two wall sections and a base section which could
be easily taken apart, when required, for stripping, The
interior of the earlier moulds used had no special surfacing
but were periodically treated with linseed oil., These moulds

tended to lose thelr shape rather quickly and the surface soon

doteriorated. Tho imterior of tha walls of the later moulds

ware surfaced with formica sheets which helped to considerably

increasce the useful life of the moulds and rendered a smoother
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surfaco to the concretae, The two halves of the earlicr moulds

met on the centre lines of the faces of the column through which
the plate protrudad and a small raiscd “scam" of concrete
resulted at tho joint, In order that olectrical resistance
strain gaugos could bo located satisfactorily on the centra
lines of these faces it was nocessary to remove the seams by
rubbing with a carborundum stone and sanding., This proved

to o a time consuming and laborious process so tho design of
tho later moulds was improved by relocating the joint 2in, from
the centro line of the faccs, thus allowing the gauges to be
fixed to an undisturbed surface,

When tho mould had been prepared it was clamped sccurely
to the surface of a 1000 1b wt. capacity vibrating table and
filled slowly with concrete. The cylinder and cube moulds
roquired for the casting of control test specimens were also
vibrated on a vibrating table but wero left unclamped, In
order to cnsure a high and reascnably constant level of
corpacticn concrote was placed in the moulds in small quantities
and no more was added until the "fat!" or slurry had risen to
the surface and air bubbles were appearing only infrequently,
In spito of the care taken, it is unlikely that the relative
densitics of columns, cubes and cylinders were always constant

and this would undoubtedly have caused some of the scatter of

experimental results,
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5.2.3 Curing
In all but a fow cases the curing of the concrete cubes

and cylindors followed a standard procedure. As soon as

casting had been comploted the specimens were covered with
polythene shooting which was held down at the odges so that
the rclative humidity of tho enclosed air was maintained at a
high level, After a period of approximately 12 hours when
tho concreto had sot hard the moulds were stripped from the
spocimens and tho latter were transferred to a curing room for
a period of 7 days where they werc stored on wooden racks to
ensurg that alr could circulate freely over all surfaces. The
rolativo humldity of the air in the curing room was maintained

as closcly as possible at 100% and the temperature was

maintained at botwoen 60° and 65°F. At tho end of ths 7 day

period the specimens were returned to the laboratary and

stored in the open, again ensuring that free air circulation

was possiblo, for a further period of threec weckse The

specimens were then tested at an age of 28 days. The variaticns
in this procedure are noted in Appendix B and also were
necessary in the chapters in which the tests are described.
5¢3 LOADING OF COLUMNS

The majority of the tests were perfarmed on colums under

symmetrical loading conditions. Two different methods of

applying the load were employed, cne for the standard columns,
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and cno for the long colums., MNagrams of the two ncthods are

shown in Fig. 5.3
5¢3¢1 Loadine Of Standard Colurns

In tho casc of tho standard columns, load was applied
through a yoke fabricated from mild steel sections, seec
Figs. S.4e The cross plece was made from a piece of universal
boam of I=-section, 19in.long. Stiffeners of % in. thick plate
wore wolded to both sides of the web at the centre and close to
the cnds of tho boam, Two universal 4 x 2 in, channel sections
were wolded to each end of one of ‘the flanges and perpendicularly
to it so that a 1 1/8 in. gap was laft between the adjacent webs
of each pair of channels, The webs of the channcls were
parallel to the wob of the beam, Prior to welding, four 7/8in.
diameter holes at 2 3/16in, contrus were drilled to receive 3/Lin.
diamcter black bolts. The ycke could then be bolted to the
protruding ends of the cast in plate in which similar holes
had been drilled,. Before the bolts were finally tightened,
the gaps betwecen the woba of the channel sections and the
colum plate were packed with steel wodges to ensure that the
load was transferred vertically by the bolts to the plate,
Tho whole assembly was then placed in a compression testing
machine on a pad of still workable plaster of Paris to allow
tha column assembly to bo levelled; a ball seating assembly
was located at the centre of the upper flange of the horizontal
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member of the yoke. The upper plattern of the machine was
brought, into contact with the upper scating and loading could

be comienceds The arrangement is illustrated in Plate 1

which shows a 10in, square column before testing,

5e3.2 Loading of Long Columns
Two 30 ton capacity hydraulic jacks were used in parallel

to apply load to the column plate. The jacks, which were
manufactured by Applied Power Industries Inc. (U.XK.) Ltd. had
a 6in. stroke, with a 2% in, diameter plunger, an outside
diameter of 3% in, and a collapsed height of 12 2 in, They
were connected through a T - junction to a pump, manufactured
by Tangyes Limited, which was fitted with a high pressure
plunger which enahled a pressure of 10 000 p.S.i. to be applied,
Tho pressure gauge attatched to the purp was manufactured by
Budenberg Gauge Company Limited. The reaction of the jacks
was taken by the lower plattern of the compression testing
machine and the recaction of the column was taken by the upper
plattern, as shown in Fig. 5.3 (b) and illustrated in Plate 2,
In order that it could be lewvclled satisfactorily, the column
was placed on a plaster of Paris pad and more plaster of.Paris
was placed on the top of the column before it was brought into

contact with the imovable upper plattern of the machine,
The load supplied by the Jacks, which were positioned

on the lower plattern of the machine, was transferred to the



Plate |



late P

f



45—

ends of the column plate through spoeial loading blocks
11lustrated in Fig. 5.5. Thoy each consisted of two L x 2in,
mild stoel hollow sections 13in, long welded to a 2in. thick
plate at each ende A gap of sufficient width to allow the
block to slip over the column plate was left between the two
hollow sections through which four 7/8in. diameter holes at

2 3/16in, centres had been drilled to match those in the

colum platee The blocks were secured by 3/Lin, diameter
bolts. A groove was cut in the centre of the underside of

the lower #in. thick plate so that a %in, diameter roller
could bo accommodated between the plate and the plattern of
the jack to allow free rotation of the column plate when
required, The position of the roller is indlicated in Fig.5.5.
This was, however, only necessary when the jacks were being
uscd either singly or as a palr to apply a moment to the column
plate as described in Chapter 1l. Under standard loading
conditions the rollers were omitted : any rotation that might
have been produced could be easily taken up by the tolerance
on the bolts. Plate 2 illustrates the arrangecment by which

a 6in, long column was being loaded in tho standard manner,

5. CUBE TESTS
A considerable nmumbor of tests were performed using 6in,

cubes instead of columnse The mode of failure and othor

characteristics are fully explained in ensuing chapters and
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it is only neccessary to state here that the cubes were made

in standard 6in, stooel moulds,

5.5 STRAIN GAUGE MEASURREIENTS
Two differcent methods of obtaining strain measurcments

were useds Tho first one that was used was the Demec strain
moasuring technique, Gauge points consisting of small
aluninium disks about 5 rm in diamcter and 1 mm thick were
cemented to the concrete with quick setting cement(F 88
Adhesive, manufactured by Tridox Products, U.,S.A.) one at
cach end of the gauge length and the extensions beotween the
disks wero measured with an extensometer. Each disk had a
circular depression at its centre to enable the rigid and
moveableo points of tho extensomoter to be accurately loocted.
On tho 2in. gauge length that was used, it was only possible
to measure strains to 2,5 microstrains (2L.5 x 10'6). Due
to the fact that most of the more important measurements were
of tensile strain it was considered thﬁt a more sensitive
mathod of measurement was required and so the majority of the
tosts wore carried out with electrical resistance strain
gauges which enabled strain measurement down to 5 microstrains,
Plate 3 shows tho Demec gauge points in position on the lower
portion of a 10in. square colum which had been tested to

failure,
The electrical resistance strain gauges that were used



I Il.\'th 3



7=
in the majority of tho tests wcro mznufactured by H. Tinsley

and Company Limited and consisted of a strip of paper on to
which was mountod the wires which formed the active element

of the gauge. The wires were protected by a strip of felt,

Tho gauges were conveniently fixed to the concrete by the

samo ccment uscd to fix the Demec points described abovo,

This mothod was found to be quick and ensured that, provided
adequate carc was taken, the gauge was well and firmly bedded,
cven on to a surface that was not completely smooth. The
gauges usocd wore type TA whoso overall dimensions were 69 x 9 mm

(gaugo length 48 rm) and type 6B whose overall dimensions were

27 x 9 mn (gauge length 17 mm)e Two type TA gauges were used

on cach of tho cylinders which were used to obtain the valuas
of the modulus of elasticity (described in soction 5.6) and
also on a small number of colums in particular locations, as,
for example, those shown in Plate 5. Tho type 6E gauge was
used in the vast majority of cases in which strain gauge
measurements woere taken in tests performed on columns and
cubese In this connection it should be observed that a
gauge length of 17 mm was nearly twice as long as the largest
nominal dimension of the aggregate used in all thoe concrete
mixes (3/8in. or 9.5mm) so little innacuracy in the gauge
rcading was likely to rosult from this source. Generally,

the perfarmance of these gauges was very satisfactory.
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ho gauges in position on 10in. square colwms are shovn in
Plates l; and 5, Vhen all the gauges had been fixed to tho
specimen a wire lead was soldered to each of the tags, two
per gauge, and connected to tho terminals of a static strain
extonsion box (type LBU or type 23U) which was connected to
tho static strain recorder (type H103 U)e The equipment was
manufacturcd by Peckel Elcctronica N.Ve The two units are

seen in Plate 1. Only one dumny gauge was required for each
type of gauge as it could be switched into each gauge circuit
in twn, Tho dummy gauge was fixed to a cube of concrecte,

scen in Plate 1, and placed near tho test specimen.

It is of interest to note that one of the first comparitive

tests in which electrical resistance strain gauges were used
was reported by van der Vben(zg) in 1953. In thesc tests in
which mechanical, capacitative and electrical resistance

gauges were usced on airport landing strips, it was found that
the more accurate and rcliable results werc obtained from the
two electrical types of gauges and this has been confirmed

(30)
nany times since then by many workers including Kaplan who

uscd bonded wire electrical resistance strain gauges whose

gauge length was 1in, He found that they were suitable for

tests of short duration,

5.6 CONTROL TESTS
Controd specimons were cast from each mix from which test
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specimens were cast, cured under the same conditions and tested
in accordance with the British Standardel)i‘or the testing o
concretes The cube strength was calculated from the average
result of crushing six Lin. cubes,

The tensile strength was calculated from the average
splitting load of three 12in. long by 6in, diameter cylinders.
The ecylinders were tested in the standard manner, Each was
placed with the axis set horizontally between the platen of
a compression testing machine and loaded across the diameter.
A slat of plywood approximately 1/8in, thick, 3/8in, wide and
12in, long was placed between each platen and the surface of
the concrete, parallel to the axis of the cylinder to ensure
an even distribution of loads The cylinder was then slowly
loaded to failure which occurred by sudden splitting on the
vertical diameter when the cylinder fell into two halves.

The tensile stress was calculated from the average splitting

load Pb:!.n pounds from the formula :
2P‘b

1&?11'1132
Where £, is the tensile stress in 1b/sq.in., D, is the diameter

and D2 the length in inches.
The value of the modulus of elasticity was obtained from

f‘b-

the result of a test in which a 12 x 6in. cylinder was tested

with its axis set vertically in the compression testing
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machine in the standard manner., As *he cylinder required
capping the mould in which the cylinder was cast was filled

to within %in. of the top and after the concrete had started
to set the rcmaining space was mads wp with a rich cemen£ nortar
and carefully levelled off, In this way it was possible to
ensure that the concrete was loaded on two reasonably parallel
and true faces, ZEven so, a disk of thin cardboard of the same
diameter as the cylinder was placed between each platen and the
face of the concrete, Before loading two type TA electrical
resistance strain gauges were fixed to the surface at opposite
ends of a diameter and parallel to the axis of the cylinder at
mid-height. The standard loading procedure was carried out
and, after it had been ascertained that the difference in the
readings from each gauge were within the prescribed limits,

the readings at each value of the applied load were averaged
and the modulus of elasticity for the concrete in uniform

compression was calculated,
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CHAPTER 6

EXPERIMENTAL ANALYSIS OF STRAINS

6.1 INTRODUCTION
Although it was considercd that the mode of failure and

the loads which caused the failure of test columns were likely
to be among the most important factars which were required to
establish a rational design method, it was thought necessary to
obtain as complete an understanding as possible of the behaviour
of columns loaded through a vertical cast in plate before
failure was reached, If the mechanism by which load was
transferred to the column could be properly understood, safe
and economical limits could be set on the value of an estimated
load factor,

Whilst strain gauge measurcrents were made on columns, in
order that as much information as possible could be obtained
it was decided to carry out an extensive cXperimental study of
tha behaviour of cubes loaded in a similar manner to the
columns. Although the theoretical wark of Chapter L showed
that the analysis of a cube and a prism whose length was
longer than it§ width were very similar, it was to be expected
that the differences that there were, might prove to be
significant in practice. Nevertheless, it was considered
that the general conclusions which could be drawn from the
results of the tests on cubes would be of some considerable
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interest and those are doalt. with in the first part of this
Chaptor. A comparison of tho results from the tests on cubes
and columns is given in the sccond part.

6.2 TESTS ON CUBES
Each 6in, cube was subjected to a load on its upper face

applied through a rectangular strip of bright, machined steel,
the length being 6in, but the width of the strip was differemt
in different testse There were a number of advantages in this
method of testing. A suitable quantity of cubes from one
batch of concrete and of uniform quality co;zld be produced
quickly and easily from standard steel moulds. The cubes
were casier to handle than columns and could be produced to a

high standard of accuracy and surface finish, Moreover, the

effects of the plate being cast into the concrete in the case
of colums could bo disregarded so that the number of unknown
factors which would have to be left out of account if any

realistic comparison was to be made botween a theoretical and

an experimental strain analysis was thus considorably reduced,

6.3 TESTING PROCEDURE

6.3.1 Gauging

Electrical resistance gaugos were fixed to the vertical

centre line of the two vertical faces which were at right

angles to the longitudinal axis of the loading stripe The

disposition of the gauges is shown in Fig, 6,1, scven being
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fixed to each face.

In order to measure stress at a point on the surfaco of a
material whose value of Poisson'!s ratio is not equal to zero
it is normally required that three strain measurcments are
taken in throe different directions, unless of course the
principal directions are known in which case only two measurc=-
ments are made, ons in each of the two principal directions,
In the case of the vertical centro line of the faces of the
cubes on which strains were in fact measured, it was known

that the principal directions were vertical and horizontal

because of the symmetry of the test arrangement, Consequently

only two gauges set at right angles at each polnt would have
been required in order that the stress at the point might be
determined, However, in the tests that were carried out for
these investigations only transverse (horizontal) strains were
measurcd, There werc two reasons for this procedure, Firstly,
it was felt that because the degree of accuracy of the measure-
ments could not be readily assessed owing to the fact that the
clastic properties of the material changed as load was increased,
the usc of two gauge measurements in a calculation would
considerably reduce the overall accuracy of the calculated

stress, Secondly, owing to the fact that the theoretical

analysis had indicated the peaked nature of the transverse

stress distribution, it was desireable to space gauges as



-5l
closely as possible in the region in which paaling was expeotad,
Ciing to thoe small scale of the test specimens and of the small
width of loading (%in. in many of the tests on tho cubes) it
was not possitble to fix more than one gauge horizontally at
any onag mecasuring point if the results were to be at all

meaningful,

64342 Loading
The reading of each gauge was taken before loading was

commenced and then at each increment of load until the stage
was reachod when it became impossible to read one or more of
the gauges because straining was continuing while the load was
being held constant, No fast scanning strain recording
apparatus was available and consequently, as it took
approximately two minutes to read the fourteen gauges which
were normally used in each test it was decided to stop recording
at the stage described above, The strain recorder was then
disconnected from the extension bax and loading was continued
until the cubo failed by splitting. The average of the
readings from corresponding gauges on opposite faces were
taken to plot the load ve. strain graphs which are shown in
this chapter, | i

64343 Effect of Unsymmetrical Loading

It 18 considerzsd to be of interest to examine the method

by which the cubes were loaded in view of the importance which
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has- been attached to the genoral conclusion- which have been
drawn from the results of tho tests reported here and in
Chapter 12,

It was found that however carefully loading was applied,
the readings from corresponding gauges on opposite faces were
never exactly the same and wero often considerably different
in magnitude, It was thercfore necessary to take the mean
reading of corrcsponding gaugess This disagreement, caused
by the fact that straining on opposite faces of the cube was
taking place at different rates under tho action of the load,
may have been due both to non-uniformity of the concrete
itself and also due to certain characteristics of the machine
which was used for testinge.

It is possible that if the cubes had been loaded so that
the axis of the loading piece had been parallel to the
direction in which the cubes had been cast, the effect of
variaticn of tho density of the concrete might have been
significants This could arise from the segregation. of the
mix which can occur when fresh concrete is vibrated, the
heavier particles tending to settle in the softer cement paste.
However, it was ensured that the cubes werc loaded at right-
angles to the direction in which they were cast so it is

reasonably safe to assume that density in the loaded plane

was sensibly constant,
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(32)
The conclusions reached by Sigvaldason from his work

on the influcnce of testing machine characteristics have soma
relevance to this discussion although his work was concerned
wWith the testing of cubes and cylinders in direct compressicn,
In the usual type of testing machine and the one used for thosoe
investigations the lower plattern is fixoed to the ram and is
thus effectively fixed but the upper ploten is located in a
ball seating and can tilt in any direction. However its
ability to do so under load depends on the roughness and sizo
of the spherical surfaces, the type and degree of lubrication
of the surfaces and the magnitude of the load. 'If good
lubrication is maintained, the upper surface of the specimen
can be regarded as pinned in which case the specimen will have,
effectively, the upper end pinned and the lower end fixed.

If there is no lubrication at the spherical interface, the
upper plattern is effectively fixed after loading is commenced
and the specimen is deformed uniformly as the centroid of the
action of the machine is always colincar with the centroid of

resistance of the specimen provided the loaded surfaces are

both normal to the axis of the specimen, (Of course if the

loaded surfaces of the specimen were not normal to the machine's
centre line, then the spceimen would not be loaded uniformly
and the values of the measured strains on different vertical
faces would be different)s On the other hand, if, owing to



the presenco of a suitable lubricant, the ue.or platen could
move freely under load, and unless the specitien was complctely

isotropic and centred accurately in the machine,the specimen

would have a tendoncy to bends In reality, when no special

Precautions concerning lubrication are taken, the situation
is probably intermediate botween tho two conditions described

above. At low loads, movement can take place and as the load

is increased tho upper platen bLeeoswmes fixed s the normal

roaction at the interface of the spherical surfaces and hence

the frictional resistance is increased. Thus once tilting

of the uppar platen has taken place it becomes fixed as

load is increased and the difference betwecen strain rates at
corresponding places on opposite vertical faces of a cuboidal
Specimen becomes constant,

It should be noted that the results from Sigvaldason's
tests show that the measured valus of the ultimate compressive
strength of cubes loaded under the one end pinned condition
were extremely sensitive to misalignment of the specimen in
the machine and it is this which is thought to be a major
factor contributing to the considerable differences of strains
and to tgb variability of the fallure loads which occurred in
the tests performed for these investigations, both on cubes

and columns, Morceover in the case of the tests that were

performed on cubes considered here, when cubes were loaded
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through a %in. square loading piese the aliy' munt was probably

uven more critical than in thosc reported by Sigvaldason

Lacause of tho effect of concentration of the load, It was

in fact no easy matter in practice to ensure that the
geomotrical centre lines of tho machine, the loading plece

and the specimen wore colinear in spite of the considerable

caro that was taken., In order to ensure that full contact

was made betwoon the plattern and the loading piece at the

start of cach test the plattern was left unlocked.

6.li RESULTS OF TESTS ON CUBES
It can be seen from Fig. 6.2 that the load v.strain

characteristics for the upper half of the cube under the action

of the load applied through a #in. wide centrally placed
loading piece (b/D = 1/12) on its upper surface are linear
only over tha very early part of the loading range but as the
load was increased the value of the strain recorded on the
upper gauges increased at a greater rate than the applied load.
For the lowest gauges howaver, the characteristics are linear
up to a load of at least 27 ton (in this particular test there
was a fault in gauge nmumber L so the characicristic for the
mean of the readings for numbers l ond 11 woro omittod).

From Fig. 6.3, which shows the strain profiles on the

vertical centre line for different values of load, it can be
Seen that the load v. strain characteristics which exhibited
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groatest cervature werec those for the gauges which were in the

rugion where there was peaking of the profile, Load v.strain
characteristics for tests on cubes loaded under plates for
valucs of b/D of 1/9, 1/ and 1/2 arc given in Figs.6.5, 6.7
and 6.8 respectively and it can be secn that the téend noted
abovae is repeated for all the values of b/D., Representative

profiles for cach of the four values of b/D are given in

Hg. 6.6 and 6.9.
Fig. 6.3 shows strain profiles drawn for the test for which

b/D = 1/12 for different values of load and it is apparent that
as the load was increased the shape of the profiles changed
somewhat in relation to each other. This can be seen more
clearly in Fig. 6.4. Here the values of the peak strain at
the different load values have been made equal to the value of
the peak strain at 3 ton and the values of the other strains

at the different loads have been reduced in proportion, Thus
each valug of strain has been multiplied by the peak strain at
3 ton and divided by the peak strain at the value of load for
which the particular value of strain was obtaineds It can be
scen from the figure that as the load was increased some

redistribution of strain from the more highly stressed regions

to the adjacent regions was taking places
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6,5 DISCUSSION
645.1 Magnitude of Experimental Strains

It was of some considerable interest to consider the

results quantitatively in view of the importance that has been
Placed on tho limiting strain (the strain when cracking has

baen deemed to have occurred) in concrete by many workers in

tho ficld over the past two decades. It is not proposzd to give

hore a complete resums of all the work that has been carried

out on the subjoct but it is of some interest to consider how
the results of some previous work is rolevant to those

Presented hero,
(27)

It has been said-by many, e.ge. Neville
Strength of concrete is determined not so much by the limiting

that the

Stress it can sustain as by the more fundamental concept of

a limiting (tensile) strain which Neville put at between 100

and 200 x 10"'6 no matter how the concrete is testeds Of

course tho value of the limiting strain is not a constant and
1s to some extent dependant on the intrinsic strength of the

elements which comprise the complete matrix, on the volume
and tho shape of the coarse aggregate in the mix and other

Properties, Many of tho other workers in the fleld have

produced results which tend to confirm those of Neville, @.ge

(33
Todd )who tested beams in flexure and Sturman, Shah and

(3L)
Winter  who reported the results of some extensive research
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«a2bo tho Straining of concrete. They tested short Spceimens

in compressicn and tonsicn under cccentric loading using

clectrical resistanco strain gauges 5/8in. (16 rm) long and
found that first cracking occurred at a strain of approximately

100 x 10-5 for concrete oi(.‘Bg';'PO 1b/sq.in, (6in, dia, by 12in,

long cylindors). Kaplan  tested cylinders 6in.dia. by 12in.

long in tho manner of the indirect tensile test for concrete

(doseribed in Chapter 5) and found that the first cracking

~6 using lin. (25,4 mn)

Strain was of tho order of 150 x 10 (36)
3

gauges. However in some tests reported by Kajfasz and Rowe

on the composite action of prestressed floor beams which were

finished with a slab of concrete cast in situ it was found that

the in situ concrcte was capable of being strained in tension

to approximately 500 x 10-6 without showlrng signs of disintee

gration and it was concluded that it was the restraining action
of tho prestressed concrete which was responsible for the

Occwrroncaof these relatively high strain values,

A similar argument can be used in the case of the

Straining in the tests on cubes described here, It is

considered that the presecnce of the relatively high strains
can at least partly be accounted for by the fact that the
friction between the base of the cube and the steel of the
lower pPlattern of the machine dbes not allow the cube to
epand frecly and conscquently straining can take place
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vithout disintegration of the cube. It must be added however

that although thore did not appear to be any visible cracking
until a load of about 90 per cent of the ultimate, this does
not mean that micro-cracking did not occur, Sturman, Shah
and Winter(ah)shcwed experimentally that micro-cracking caused
non-linearity of stress v. strain curves and that these could
occur at between 70 and 90 per cent of the ultimate load.
Hansen(37)said that these could occur at loads as low as 60
per cent of the ultimato load, It is felt however that the
shape of the transverse straiﬁ distribution itself is the main
cause of the high recorded strain values due to the fact that
it is characterised by a peak which is adjacent to less highly
strained regions and this inhibits cracking on the macro-scale,
It can be added that Zielinski and‘Rowe(BB)also found very
large tensile strain magnitudes when they tested short prisms

under concentrated loads,

645.2 Comparison af Theoretical and Experimental Strains

The presence of the micro-cracks referred to in the
preceding paragraph are thought to account for considerable
differences in magnitude between the experimental and the
theoretical strain profiles (the latter shown by the
discontinuous lines) shown in Figs. 6.6 and 6.9. The
theoretical strains were obtained from the finite element

analysis of Chapter 3. The fixed base condition was used
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for the theorotical analysis and the experimental results «

tend to confirm the validity of this assumption. In Fig.6.9
the experimental compressive strain closs to the upper loaded
surface of the cubo for which b/D = 1/2 appears to be reduced

WfllicH' the theoretical strains are shown to increase as the

upper surface is approachede This was thought to be due to

the restraining action of the loading plate which seems to
Suggest that there werc frictional stresses between it and

the surface of the concrete, These were not accounted for

in this analysis, However it is interesting to note that in
this example the peak value of the experimental and theoretical

tensile strains are in close agreement but are displaced in

position,
6.6 RESULTS OF TESTS ON COLUMNS

The arrangement of the gauges which was used on the

majority of the columns is shown in Fig. 6,106 and the
arrangement used for the tests, the results of which are given

\
in Fig, 6.1, is shown in Fig. 6.EE®), All the colums wcre

loaded symmetrically,

Fig. 6.11 shows the load v. strain characteristics for a
10in. square column containing a standard 5/8in., thick plate
12in, deep for which transverse gauge measurements were taken

on the centre line at a distance of 12in, below the level of

the lower edge of the plate, Fig. 6,12 shows the strain
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Prclile which was produced. The gpacing of the gauges was

Such that tho whols of the peak was not nicked up but tha
extent of tho transvorse tensile strain is shown by the
inclusion of the readings for the gauges at a distance of 12in,
bolow the plata. Howaver tho general picture is similar to
that of the cube for which b/D = 1/12 (sce Figs. 6.2 and 643)

Fig. 6.13 shows the load v. strain characteristics for a
6in, Square column loaded through a 1/2in. thick plate and a
typical profile has been drawn from these curves in Fig. 6.1k,
For this example the theoretical profile has been drawn for
the 9 x 6 x 6in, prism of Chapter L. The free base condition
has been used for the énalysis and it is clear that the
&Xperimental strains are smaller than the theoretical ones
which is in contrast to the results from the tests on cubes
deseribed earlier,

Figs. 6,15 and 6,16 show the load v. strain curves for

the tests in which columns containing a lin, thick plate were

tested, The depth of the plates was 12in. and the standard

mothod of loading using the yoke (see Chapter 5) was employed.
The gauge positions were those shown in Fige 6,10. Typical

Profiles can be seen in Fige 6017 for these two tests and it
1s clear that there is no agreement between theory and

experiment, the magnitudes of the experimental strains being

far larger than those of the theoretical strains. These



g9 aunbia

“urbs|qy sts =
‘uirbs/qlo9til = %
urbs/q| qQI%X44'9 =

ol

Si

ey
peen
o7 oou
31Vd 'wq HLIM NWAT0D 3UYNOS '¥19 YOI SHAVHED NIVELS A QvoTl

. -ﬂ = e vas

5!

o0l ¥ *3 09 Q4! o2l ool



COMPARISON ©OF EXPERIMENTAL AND THEORETICAL STRAIN PROFILES
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rosults appear to conflict with those of Fig. 6.1L which shows

theoretical strains greater than experimental ones but an

important difference botween the two sets of tests was tho

age at which testing took places In the case of the colum

of Fig. 6,1k, the age at testing was 28 days and in the case
of the columns of Fig. 6,17 the age at testing was 70 dayse
A detailed discussion of tho implications of the difference

in the testing conditions will be left to Chapter 9.
Fig. 6.18 shows a comparison of the profiles far the

cube loaded througﬁ a 1/2in. wide strip (see Fig. 6.2) and
the 6in, square column loaded through a 1/2in, thick plate

(see Fig, 6,13)s It apoears that at the same load, strains

for the colum at the same distance from the lower edge of the
Plate as in the case of the cube, were smaller which seems to

indicate that the effect of the column plate being cast in was
to reduce the load which was sustained in direct bearing by the

material below the lower edge of the plate. In order that a
direct comparison could be made the tensile strains for the

cube were miltiplied by the modulus of elasticity of the cube

concrete and divided by that for the column concrete. The

age at testing was the same for both specimens, 28 days.

6¢7 CONCLUSIONS
The tests showed that generally there was poor agreement

betwean the magnitudes of experimental and theoretical transverse
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strain measurements for cubes loaded through cemtrally placed
loading strips and for columns loaded through cast in plates
but there was great similarity between the shapes of the
distributions. It would seem that the measured strains were

very sensitive to changes in the properties of the material
which occurred at quite low levels of loadings This was partly
due to the peculiar shape of the transverse strain profile on
the centre lines of specimens which caused micro-cracking and
yielding of the concrete to occur at well below the load at
which failure became imminent, e.ge the cube for which the load
v. Strain curves were drawn in Fig, 6.2 failed by splitting at

a load of L2.8 ton although yielding of the concrete beneath

some of the gauges close to the upper (loaded) surface started

to occur at a load of only 27 tons). The considerable

disagreemsnt was also affected by the innacuracies in the values
of the modulus of elasticity that were used for each test : it
is felt that the determination of the modulus of elasticity

by compressing a cylinder was not a very good way of assessing
this value obtaining within a cube or a column tested in the
'manner described in this chapter and it is this factor which

probably accounts for much of the discrepancy between theoretical

and experimental values, It should perhaps be added that while

the method of determining the modulus of elasticity

did not provide a very accurate value for these testgi/
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it was the simplest and most reliable way of obtaining a value

that provided a means of comparing experimuital and theoretical
strain values which were in a fow cases in fairly close
agreement

Fig. 6.18 shows that the strains in a cube are larger at
the same load than corresponding ones in a column but this does
not necessarily indicate that failure by splitting will occur
at a lower load on the cube than on the colum, as will be seen
from the work described later. This may be due to the fact
that whilst surface strains only were measured in all the tests
there is no doubt that there is some three dimensional effect
which allows stress to be redistributed within the depth of the

Spec:.Lmen.
There 1s no doubt also that the gauge length itself had

some influence on the results, In some comparative tests which

are not reported here in detail it was found that transverse

strains measured over a 2in, (50.8mm) gauge length were somewhat
smaller than those measured over the 17mm (which was used in

almost all of the tests performed for these investigations) when
measurements were made on the same portion of stressed material,
This is due to the fact that strain gauges measure the average
strain over the gauge length and if there is considerable

variation of strain over this length, as there is on the vertical

central zone of the specimens,
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described in these tests, the mecosured average strain will not
be the same as the maximum which occu ' idesally only on the
centre line itself. The gauges of shorter length therefore
measured the central transverse strains to a greater degree

of accuracy although even higher accuracy would have been
obtained with gauges of still shorter length, However therc
were practical drawbacks in using very much shorter gauge
lengths, Firstly, it was possible that the most highly
strained zone was displaced slightly with respect to the
centre line in some cases due to innacuracies of aligmment of
the loading pieces Secondly, if a very short and consequently
very sensitive gauge had been used, it was possible that
irregularities of the concrete beneath the gauge could have
influenced the readings. It was considered that a gauge
length of 17mm was close to the optimum giving a suitable

balance between the competing demands of accuracy and

sensitivity,
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CHAPTER 7

D e

r—

_!ﬁRIATION OF PLAT® DREPTH IN COLUMNS

s it M et

7.1 INTRODUCTION
One of the main assumptions on which the theoretical

determination of stress and strain in the portion of a column

loaded through a vertical cast in plate was baseq)was that the

load was distributed in an effectively uniform manner under the
Plate, assuming that the direction of loading was downwards.
Only if it is possible to establish that this was indeed the
case can a two dimensional stress analysis be considered.
Clearly then, it was important to determine the required minimum
Sstiffness of such a plate that would behave in an effectively
rigid manner. It was equally important to determine how the
Wltimate failing loads of columns were affected when plates of
different stiffnesses were used and in order that this might be
investigated experimentally, a series of columns of standard
length was tested in the manner described in Chapter 5.
Columns of two different cross-sectional areas were tested;
those of the same cross=-section each incorporated a plate of a
standard thickness but of different depth,

It was thought possible that, if a column plate became
bent in its own plane due to its relatively low stiffness when

load was applied to both ends, high stress concentrations

would arise in the concrete close to the lower edge of the plate
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near the faces of the column tiroeugh which the plate protruded.
These would in turn cause splitting of #l~ column at a
relatively low load compared with the load at which failure
would occur when a relatively stiff plate of the same thickness
was used, It will be shown in Chapter 9 how the existence of
shrinkage stresses in the concrete above and below the plate
acting perpendicularly to its plane could cause the concrete
in the vicinity of the edge of the plate to be in an initial
state of tensile stress, The magnitude of these stresses
would, of course, depend on the surface area of the plate and
it follows that this magnitude would be smaller in the case of
a column in which a plate of only 6in. depth had been
incorporated than one in which the depth of the plate was 12in.
This would, all other things being equal, give the concrete an
increased potential bearing capacity, consequently, if the
effect of reducing the depth of the plate was to make it
flexible enough to locally over stress the concrete and so
reduce the potential bearing capacity compared with that of a
colum Incorparating a deeper plate, the effect of the reduced

area of the more flexible plate might be expected to keep the

failing loads at very much the same level, It must be

emphasised that this argument is based on the assumptions that
the colunms are all identical in shape and that the composition

of the concrete mix and other properties are all similar,
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By the above reasoning, it is possible to hypothesise that,
for practical siges of columns and plat ::. {the minimum size of
plates in a 6in. square column being say =in, thick by 6in.
deep) it was unlikely that the failure loads of similar columns
incorporating plates of different depth would vary a great deal,
if at all, ° Furthermare, it was also possible that the effects
of localised concentrations of compressive stresses in the
concrete might be mitigated by some redistribution of stress
leading to a more uniform distribution of load in the concréte
adjacent to the lower edge of the plafe. Thus it was possible
that the stiffness and hence the strength of the steel plate,
not the relative strength of the concrete, was the critical
factor governing the strength of the connexion,

In order that some of these effects might be investigated
experimentally, several test methods were used, Columns of
different sizes were tested as mentioned above, Cubes were
tested by applying ;oad through vertical plates of different
depths and the effect of dltering the distance between the two
loading points was also compared.

Te2 SPECIMENS
Four sets of standard length columns, each incorporating

a plain vertical black steel plate were cast. Each set
consisted of a 6in. square column incorporating a %in. thick
plate and a 10in, square column incorporating a 5/8in, thick
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platee The two egolumns of each seb were cast from the same
batch of concrete making a total of eigir- :.iumns in all,
The details of the mix and the cwring procedure are given in
Appendix B, With each set of columns a suitable number of
control specimens were cast from which could be obtained the
cube crushing strength, the tensile splitting strength and the
value of the modulus of elasticity (see Chapter 5 )¢ A

different depth of plate was used in each set, either 12, 10,
8 or 6in.; the depth of the plate was the same in ecach of the

two columns comprising a set. The horizontal distance between

the centre lines of the bolt holes in all plates was 15in. and
the distance from the underside of each plate to the base of the
column was 15in, for all colwms,
7+3 LOADING

The columns were loaded through the yoke described in
Chapter 5 which permitted equal loads to be applied to each end
of the column plate; strain gauge readings using the Demec
method, which are not reported here, were taken at intervals
of 2 ton until vertical cracks which formed beneath the plate
were observed, However, prior to the observation of these
cracks, spalling of the concrete was noticed in the localised
area in the vicinity of the lower edge of the plate on the faces
of the colum through which the plate protrudeds It was |
noticed that although this spalling occurred carly in the
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loading sequence the affected area never extended fer wore
than 2in, below the lower edge of the r".=*3, The spalled

zone can be seen clearly in Plate 3.. As loading was continued

Small cracks at right angles to the plate close to the lower
edge appeared as did small cracks at the upper edges of the
pPlate as shown in Fig. 7.1(a) and these were soon followed

by the appearance of a crack running from one of the lower

edges of the plate towards the base of the colum. This crack

gradually extended with the increase in the load until the
column was unable to sustain further increments of load, The
columm was then deemed to have failed and the load at which
failure occurred, P o Was taken as the maximum load that the

colum could sustain, If the testing machine was kept running

for only a few seconds after the maximum load had been reached,
the plate was pushed further down into the concrete and the
two portions into which the column had been split by the

formation of the vertical crack moved apart, in some cases
with explosive force accompanied by a resounding report. The
general crack pattern at failure is illustrated in Fig.?.‘l(b)\
and a 10in, square column which was tested to failure is

illustrated in Plate 3. As failure occurred, one or two of

the small cracks which had earlier formed at rdight angles to
the plate near its lower edge extended outwards away from the

plate towards the sides of ths columm as shown in Figs7.1(b).
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One of these cracks only appeared in the column of Plate 3.
The formation of this horizontal crack was, however, considered
to be a secondary failure mode and was of little significance.
A general view of a 10in, square column after failure is shown
in Plate 6 and a close up is shown in Plate 7 in which can be

seen the wedge which was formed below the plate as failure

occurred,

Tl RESULTS AND DISCUSSION

Tellel Spalling Loads
In the tests on the columns of this series, Series I, the

load at which spalling was first noticed was usually less than

half the ultimate load, as shown in Table 7.l. It can be seen

that while there is no significant trend in the results of the
loads causing ultimate failure, the percentage of the ultimate
load at which spalling was first observed tended to fall with
decreasing depth of platee This leads to the conclusion that
whilst the surface of the concrete is damaged by being loaded
through a plate of relatively low stiffness the load at which
ultimate failure would occur is largely unaffected by the change

of plate depth,
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! |

Al 12 | 18.0 | 10.0 56

A2 10 22,7 10,0 Ll

43 8 18,5 5.0 27

AL 6 14.9 5.6 38

Bl 12 97 5.0 51

B2 10 949 3.0 30

B3 ;8 75 | 3.0 Lo

B, "6 | 8.8 2.0 23
; :

In the table A indicates the 10in. square columns and B the
6in. square colums; d is the plate depth and P_ is the load

at which spalling was first observed.

T.11.2 Comparison With Cube Strength
In order that the loads causing failure of columns of

different strengths might be compared, the cube compressive

strength of the column has been used as an indicator of concrete

strength throughout the work reported in this thesis, This

also applies in the case of the tests on cubes loaded through
strips., It might be thought the value of the tensile splitting
strength of the concrete obtained from tests on cylinders might

be a more logical choice for a measure of strength in view of
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the similarity between the modcs of failure.of the column
loaded through a vertical cast in plate »nd the cylinder loaded
on diametrically opposite generators but this was in fact
considered not to be the case because of the larger degree of
scatter of results that was generally obtained from the
splitting tests as compared with that from the results of tests
on ljin, cubes. In other words, the results obtained from

testing cubes in compression were considered to yield a more

reliable measure of strength,
This larger relative variability which can be measured

statistically by the coefficient of variation (the ratio of
the standard deviation to the mean of a set of results usually
expressed as a percentage) has been noted in many papers on the
testing of concrete and in the results obtained in these
investigations and is due to the presence of flaws which exdst
in all concrete, no matter how well compacteds When a cube
is comp?essed in a testing machine the flaws, such as air
bubbles, or shrinkage crackﬁ play no major part in the failure
of the concrete because, owing to the shape of the stress ve
strain curve for concrete in uniaxial compression and to the
method of testing, the high stresses wﬁich could fa&m in the
regioﬂ of thé flaws can be redistributed to the surrounding
mass and this process can comtinue until fallure is imminent.

Thus the strength of the cube obtained in this test represemts
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an gverage valuefor the concrete of which the cube is made,
It might be added that the cube crushir; shbrength obtained from
tests on lin. or 6in, cubes is not a very good approximation to
the true compressive strength of the concrete in uniaxial
compression because of the proximity of the platens which give
rise to a rather complex stress system resulting in a rather
high estimate of the trus compressive strength but the cube
strength is nevertheless a reasonably reliable method for
comparing the strengths of different concretes.

However in the case of the cylinder tested in the standard
splitting test, the tensile stress developed on the loaded
diameter is uniform over most of the length of the diameter;

moreover, the length of the stress v. strain characteristic

of concrete tested in this way is short with stress increasing

with strain until failure occurs by splitting, Thus the

concrete exhibits a more brittle behaviour when tested in this

manner than when tested in uniaxial compressicne Consequently

the high stresses associated with flaws are not readily
redistributed and once the stress at a flaw has reached the

limiting value for the concrete, failure of the whole specimen

is precipitated. Thus concrete specimens of the same intrinsic

tensile strength and of the same size will fall at differemt
loads if the number of flaws per unit volume (the specific

number) is not the same, lioreover largzer specimens



would be expected to fail at lower loads than smaller ones
of the same intrinsic strength when test~d in tension because,
if the specific number of flaws is the same in the two concretes,

the likelihood of a flaw being present increases with the

volume of the concrete., This size effect is observed with

cubes tested in compression but the cause is associated with
the change of the stress system produced in the specimens
rather than the increase in the absolute number of flaws,

7elie3 Main Results
The main results of the tests on the columns of series I

are summarised in Table 7.2. C.V,. denotes the coefficient of

variation (the standard deviation divided by the mean of a set

of data) of the results in the first column in each block of

results and is expressed as a percemntage. Po is the maximum

load sustained by the individual colum in tons and £ 1s the
maximum load in pounds divided by the cross=-sectional area of
the column which has been called the mean failure stress;
folfc is the quotiemt of the mean failure stress and the cube
strength of a particular column,

In view of the fact that the range of the standard cube
crushing test results for the whole of series I was small, the
coefficient of variation being 8,3%,it seemed not unreasonable
in the first instance to take the ultimate loads for the

colums of one size to be independant of the cube strength
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0 individual colums, Thusy; it can be argued, any marked
trend in the ultimate loads for series -3 and TP would be due
to the differences in the plate depthe The results of series
LA indicate a positive correlation between the ultimate load
and the depth of plate provided the result for column I Al is
left out of account. However, there seemed no reason why that
result was any less valid than the others, If the results
from series IB are considercd it is clearly seen that there is
no gpparent correlation and the ultimate load sustained by the
column seems in no way related to the depth of the plate through
which the column was loadede These results are shown in
FigeTe2 which 1s a plot of fo ved, the plate depth,

Another way of considering the results is to use the none
dimensional paramater fo/fc and to plot it against the plate
depth do This should ensure that if the differences in the
strength of individual columns, as measured by their cube
strength, is a factor, then provided fo/fc is not itself
dopendant on fc the individual value of fc will be accounted
The use of the parameter fo/'fc in this context implies

for,

that for columns of the same size and under ldentical loading

conditions fo/fc is constant : then if £ /f did vary when
plotted against d, any trend would be significant, It will

be shown in Chapter 12 that to a very good approscdmation, fo/fc

was constant over a wide range of cube strengths, for cubes
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tosted under centrally placed strip loads, whose b/D ratio was
in, Although this independance cannsi: be shown to obtain for
all the colurms tested in the standard manner throughout the
Wwicle of these investigations, it was considered reasonable to
assume that for the tests of series I fb/fc was independant of
fc_because the mix proportions and the type of aggregates used
were the same, and also because the range of cube strength was

small,
apparent that there is no significant correlation between the

variables plotted, either for the 10in, square columns or for
Moreover, in spite of the small

Thus fo/fc has been plotted in Fig.7.3 and it is again

the 6in. square colums.
number of tests performed, the coefficients of variabion of the

results for each size of column when calculated for fo/fc were
small for this type of work and adds weight to the asserticn
that for the sizes of columns and plates used in these
investigations, the depth of the plate had no effect on bearing

capacitys
7.5 TESTS ON CUBES

751 Specimens

In order that a greater understanding could be gained of

the factors involved when the plate through which the load is
transferred to the colum is bent in its own plane and to
investigate further the hypothesis that a relatively flexible

plate would cause premature failure of the column some tests
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were performed on cubes loaded through steel plates of different

depths, The general arrangement is shown in Fige. 7.k A

bright steel plate lin, thick, 12in. long and approximately 6in.

deep was shaped so that a tongue of metal O.l6in. deep and 0.6in,

wide projected from one of the longer edges. The plate could

then be located in a vertical position on a centre line of the
upper face of a cube so that the tongue was in contact with the

concrete, Two sets of symmetrically placed ball seatings were

cut on the upper lin. thick edge to receive two 2in., diameter
steel balls through which load could be applied to the plate,

the distance L between the two seatings of each set being 9in.

and 113in. respectively. In this way it was possible to

simulate the loading of a 6in, colum in which a vertical plate
was incorporated, equal loads being applied to each of the
projecting ends of the plate at a distance of either 13in, or

22in, from the column facese
Three sets of five cubes each were cast from two batches

of concrete, sets CIa and CIb being cast from one wmix and set
The distance L used for sets

The depth d of

CIc being cast from the other.
CIa and CIc was 9in. and for CIb was 114in.

the steol plate was altered for each cube of a set, five values

of d being used in all. From each batch of concrete was cast

six lin, cubes and three 6in, dia. by 12in, long cylinders

40 obtain the cube and tensile splitting strengths. All the
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cubes wera loaded to failure and the resualts are sumuarised

in Table 7.3.
Te5e2 Results and Discussion

7 using different values of L, tho relative stiff: .ss
of the plate in bending could be altered; thus the ~1-%e

for which the value of L was 11%in, was effectively morc

flexible than that for which I was 9in, However it is

apparent from a comparison of the results for CIa and CIb
that the difference between the mean failing loads of the two
sets was very small and it can be shown that statistically the

difference was insignificant. It is also clear from the

results summarised in Table 7.3 that altering the depth of
such a plate did not affect the load at which a cube failed,.
It was possible that if a more flexible plate had been used
in the tests a different result may have occurred but it was

observed that when the plate was used with the lowest value

of d it started to bend visibly in its own plane as load was

increased and after the failure of the last cube of CIc, the

deformation of the plate had become permanent. Excessive

crushing of the concrete was observed in the cube in the region
adjacent to the lower edge of the plate and the opposite
vertical faces of the cube normal to the plane of the plates
Thus, as the results show, although the plate was being bert

and therefore must have been distributing the load unevenly



Test L a £, £, | P, lavP c.V.
No, in, in.|peseie{ PesSeis | ton ton | &
| crar | 9.0 | 5.470] 8060 | 530 |16.30 |17.70 | 6.3
2 5.095 18,04
11,720 16,71
Le345 19.20
3.970 18.27
CIblL |11.5 | 5.470| 8060 | 530 |16.35 18,12 | 5,7
2 5.095 19.02
3 Le720 17.94
L ha3L5 18,38
5 3.970 18,93
CTeL | 9.0 | S.b70| 9920 | b0 [17.00 [19.61 12.3
2 5.095 19.80
3 4720 19,72
N Le3L5 17.76
5 ! | 3.970 | 23.80 .
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to the cube, the load at which the cube actually failed waé
not less than if it had been loaded through a relatively stiff
plate and may in fact have been higher if the last result in

CIc is taken at its face value,

7.5.3 Plate Flexibility
An interesting comparison can be made between the relative

flexibilities of the plates used in the 6in, square columns

of series I and the plates of series CI, It is possible to
obtain an approximate measure of the flexibility of a plate,
loaded in its own plane in the manner of the tests, by
determining the deflection at the loading points relative to

the centre caused by a unit load applied at each of those points.
For this purpose the following assumptions were mades The
plate did not move as a rigid body; the loads applied at each
end of the plate were distributed uniformly over the full depth
of the plate at its ends; the reaction to the unit loads was
distributed wniformly over the full contact length, i,c. 6in,

in all ﬁhe cases considered and finally, in the case of the
plate which was cast into the column, the concrete above the
level of the lower edge of the plate did not prevent the latter
from deforming freely, Whilst the validity of these assumptions
is open to question, there is no doubt that, at the lower end

of the range of loading, the errors incurred by making them

would be small,



[
The deflections were calculated for the plates of tests
IRy, CIaS and CIb5 whose leading dimensions together with the

distance L between loading points were as given in Table T.l.
TABLE 7.l

Test L | ¢ d |
I{o. in. m- in. ]

IB, 15.0 | 0,5 6..00}l
CIa5" | 9.0 [1.0 3.96'
lomvs® 111.5 |1.0 | 3.96)
# The cross-sectional shape of these plates is shown in Fig.7.lL,

These plates werec chosen as they had the smallest
flexibilities of all the plates used in the tests, The
deflection due to shear, calculated by the energy method given
by Ryderog) , and the deflection due to bending calculated by
the engincers theory of bending were added to give the total
deflection in each of the three cases and the relative
flexibilities were found to be in the ratio of 20.L40 : 7.79 :
16.83 showing that the plate used in the 6in. square column
of IR, was the most flexible.

This result tends to confirm the conclusions that were
reached using the results of the tests on the columns of

series I, That is to say, even with the most flexible plate

1ikely to be used in practice the capacity of a colum is not
reduced and the only disadvantage of using such a plate is that
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the considerable deformations that are likely to arise under
heavy loads could cause some spalling of the concrete close

to the lower edge of the plate.
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CHAPTER 8

CONSIDERATION OF THE ULTIMATE LOAD OF COLUMNS

8.1 INTRODUCTION

(L)
It was mentioned in Chapter 7 that Holmes and Bond had

made use of an analogy between the mode of failure of a cylinder
loaded across a diameter as in the standard indirect tensile
test for concrete, and the mode of fallure of the columns that
they had tested in order to determine an estimate of ths
ultimate load that the columns would sustain when loaded through
a cast in plate set vertically on an axial plane of a colum,

As this is the first reported attempt to make a rational
estimate of the bearing capacity of columns loaded in this
manner, it is worthwhile considering the results that they
obtained,

82 CYLINDER ANALOGY

A cylinder whose axis was parallel to the plane of the
cast in plate was imagined to be inscribed in the colum in
such a way that the lower edge of the plate (direction of
loading assumed vertically downward) and the uppermost
generator of the cylindrical surface were coincldent. The
diameter of the cylinder was made equal to the width D of
the column faces through which the plate protruded and the
length of the cylinder QL was made equal to the embedded length

of the plate as shown in Fig.8,1. Holmes and Bond asserted
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that the total ultimate load Po of the column was compounded
from two separate components, P, and Pe. P, was derived
from the standard formula for the indirect tensile test using
cylinders as given in the equation

2P
Ffom ot (8.1)

t éDDl
where f; was found from tests on standard 6in, dla. by 12in,
long cylinders.P p Was the component of the ultimate load which
could be accounted for by friction and bond forces acting on
the sides of the plates which were in contact with the concrete,
These forces were computed from the results of tests similar

to those described below, Thus, in their calculation, the

ultimate load could be expressed in the farm

Po = Pp* Pe (8.2)

In view of the fact that good agreement was obtained
between this calculated value of Po and the experimental value
obtained from tests on colums (they tested 8in. square columns
using #in, thick platcs) it was decided to test this hypothesis
before making further investigations, '

8,3 DETERMINATION OF Pf

8,31 Test Arrangement

A series of four 10in, square columns of standard length

were cast in two batches a set of lin. cubes being cast with
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each batch, Under each 5/8in. thick 12in. deep plate was

left a horizontal lin. square hole so that only frictional
stresses and bond stresses could act on the vertical concrete/
steel interfaces when the plate was loaded in the standard
manner through the yoke, as described in Chapter 5. A dial
gauge to measure deflection was positioned under each end of
the plate so that the stem was vertical and the anvil was in
contact with the lower edge of the plate.

843.2 Loading and Results

Loading was applied as slowly as was practicable until
the dial gauges indicated that the plate had been pushed bodily
downwards a distance of a few th;:usan&ths of an inch., This
sudden movement on the dial gauge occurred when the load had
reached a maxirmum value and this reading of the load was
recorded, The load tended to fall off when the plate had
moved and so load was reapplied to the plate until the plate
was again caused to move bodily downwards at a load which was
slightly lower than the first recorded. This second value
of the load which caused movement of the plate in the colum
was again noted, The difference between these two recorded
readings was taken as that component of the load which was
caused solely by bond stresses which existed between the
concrete and the plate, and the second of the loads recorded

was taken to be the load which was caused by frictional
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stresses, These results are summarised in Table 8,1,
TABLE 8.1 ‘

Test | £ 1st Znd diff,
5 load | load
Noe | pesels|ton ton ton

ITAL | 5380 |8.06 | 7.26 | 0,80
IIA2 | 5380 |T.LO | 7432 | 0.08
IIA3 6060 |BaT77 | 7«27 | 1450
IIAL | 6060 |8.29 | 8401 | 0.28

It can be éeen from the table that the farces attributed to bond
were small compared with those attributed to friction and
consequently the first load has been taken to be the value of
Pf. This waa done because it was observed that once the first
load had been reached cracks were formed in most of the columns
which extended fr;m the lower corner of the hole beneath the
plate making an angle of approximately L5° with the vertical
centre lines of the faces through which é%a plate protruded as

indicated in Fig.8.2. Although it was thougit that these cracks

did not extend into the concrecte to any great depth there was
some doubt as to whether the second reading was an accurate
measure of the load caused by frictional stresses, From the
results of these tests the mean of the first load values was
found to be 8,13 ton which represented a frictional stress of
761b/sq.in. calculated by dividing the mean load in pounds by

the contact area of the plate, 2 x (10 x 12) sq. in,
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Using this result directly with the results of the previous

chapter in which columns incorporating platos of different
depths were loaded to failure, the calculated failing load
using the formula of Holmes and Bond can be compared with the
experimental valucs which were obtained from the tests of
series I, as shown in Table 8.2. It will be recalled that
there was no measureable difference in the loads which caused
fajilure whatever the depth of the plate.

TABLE 8.2

]

Test f'b Pb Pe Po Po
Noe | peSele|tons |[tons | calc. | test.

AL 385 126.99 | 8,13 | 35.12 18,00
TA2 335 {23458 | 6,78 | 30.36 | 22,70
IA3 Loo [28.0L | 5.43 | 33.L7 | 18,50
IAL 395 [23.69 | L.07 | 31.76 | 14,90
IB 385 9,90} 8,13 | 18,03 | 9.70
IB2 335 | B.LLi} 6,78 | 15.22 | 9.90
IB3 LoO 10,08 | 5.43 | 15.51 | 7.50
IR, 395 | 9.95| LeO7 | 14,02 | 8480
The penultimate column of the table gives the sum of P, + P ton

where Pb was calculated from the particular value of ft that
wrag obtained from each test and the last column gives the
ultimate load (ton) of the colums in the tests of series I,

As the cube strengths of the specimens of serles II differed
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little from those of scries I, the mean value of 761b/sq.in.

for the frictional stress was used for all the calculated values

of Pf.

8.4 OBSERVATIONS
It can be seen from Table 8.2 that the calculated values

of the ultimate load using the method of Holmes and Bond are
considerably;less"%han the actual failing loads, the §§3§§§“’
being approximately 50 per cent of the former, even allowing
for the fact that the value of the frictional stress found in
tests on 10in. square colums might not have been the same for
the 6in. square columns,

In view of the fact that the actual method of loading of
a column incorporating a cast in vertical plate bears little
similarity to the method of loading a-cylinder in the indirect
tensile test for concrete, it is not surprising that the
experimental and the calculated values of the ultimate load
were so different. Whereas in the case of the cylinder the
transverse stress distribution is uniform over most of the

(Lo)

loaded diameter as shown in Wright'!s paper on the indirect

tensile test using concrete cylinders, the transverse stress
distribution in columns is characterlsed by a peak closs to
the lower edge of the plate as shown in Chapter 6, This

difference must clearly affect the relationship between the

loads causing failure in the two cases.
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It is also worth comparing the splitting loads of the 6in.
square colurms of series IB with the splitting load of 6in.
cubes of a cimilar cube strength when loaded through a #in,
centrally placed strip which are referred to in Chapter 12,

The mean splitting load of the columns was 9.0 ton (mean

fe = 5225 1b/sq.in.) and the mean splitting loads of the cubes
was 20,3 ton (mean fc = 5380 1b/sqein.). It is clear therefore
that although some difference between the two loads was perhaps
to be expected because in the case of the cube therc was
possibly a constraining effect due to the proximity of the

lower platen to the upper loaded surface which would tend to
raloethe wltimate load, there is no doubt that the plate being
cast into the conerete had a deleterious effect on the potential
bearing capacity of the column. |

Tt is also significant that there is a marked difference
between the mean values of £ /f, for the two sizes of columns
of series I and indicates that the slze of the column might
have some influence on its potential bearing capacity,

8.5 CONCLUSIONS
These observations led to the important conclusion that

properties of the specimens other than the strength of the

concrete as measured by the cube compression test or the
indirect tensile test would have to be taken into account if
the capacity of a column incorporating a cast in plate was
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to be estimated to an acceptable degree of accuracy. In view
of the considerations dlscussed in this chapter it seemed that
the most likely cause of the discrepancies between the results
of the tests on cubes and colums and between the results of
the tests performed for these investigations and those of
Holmes and Bond were due to phenomena associated with shrinkage
of the concrete during the curing process, An examination of

this hypothesis will form the subject of the next chapters
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CHAPTER 9

EFFECT OF SHRINKAGE

9.1 INTRODUCTION
Before considering the effects of shrinkage on the

behaviour and bearing capacities of the columns tested in
these investigations it is worth considering the subject
more generally in order that its relevance in this context
can be more readily appreciated.

The phenomenon of shrinkage in concrete is fundamental
to its use as a modern structural material which can be used
in members subjected to tensile as well as compréasive forces,
It is commonly held by the majority of authcrities that it is
the irreversible shrinkage of the concrete caused by the
hardening process resulting from the chemical reactions which
occur between the cement and the water which enables the high

gripping, or bond, stresses to be set up betwsen the steel and

the concrete in reinforced concrete. Indeed, Glover(hl)

reports bond stresses as high as 400 1b/sq.in on the surface
of reinforcing bars in contact with the concrete. 1In this
way, stress is transferred from the concrete to the steel.
This property is made use of in other ways too. For
instance, in the tensile zone of a reinforced concrete member,
cracks in the concrete in the tensile zones usually develop

as it becomes strained beyond a limiting value of strain but
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because of the bond between the two materials, these cracks
become more evenly distributed and consequently the size of
individual cracks can be controlled. This also happens in
unstressed concrete which is used for slabs and walls when
fine steel mesh is used to limit the size of cracks which
develop when shrinkage develops. Cracking on a much smaller
scale also occurs in unstressed eoncrqte whether or not steel
is present. As concrete hardens and shrinkage of the cement
paste commences, tensile stresses develop within the paste
itself and between the aggregate particles and the paste.
Some of these stresses are relieved by two processes which
occur simltaneously; yilelding of the weaker material, i.e.
the paste, leading to microcracking which occurs at the most
highly stressed points and creep of the matrix which is caused
by compression of the gel (formed in the hydration of the
cement) due to the localised stresses. While the concrete
is very young, creep is probably the dominant factor but,
as the strength, and also the rigidity of the paste increases
with time, cracks have been shown to form in the paste and
also at the interfaces of the paste and the particles of
aggregate, particularly when the latter has sharp angular
surfaces., Of course, as the tensile strength of the matrix
develops, the amount of cracking is controlled and may stop

altogether when internal equilibrium has been reached.
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Tensile stresses can also be developed in a mass of
plain concrete when external loading is absent by virtue of
the fact that while the concrete is drying out, which can
take place over some years, a humidity gradient usually exists
between the centre of the mass and the surface. Because the
concrete nearer the surface dries out more quickly than that
nearer the centre, shrinkage proceeds more rapidly in the
outer regions which causes the concrete near the centre to
be put into a state of compression. This causes what are
known as differential shrinkage stresses which may in turn
cause cracking in or near the surface of the concrete.

The type of shrinkage described in the foregoing
paragraphs is irreversible and most of this occurs in the
first few months after placing of the concrete as the following
figures given by Neville(z'n indica.te:

1 to jl; per cent of N-year shrinkage occurs in 2 weeks;

L0 to 80 per cent of D-year shrinkage occurs in 3 months;

and

66 to 85 per cent of 2-year shrinkage occurs in one year.

This general picture is confirmed by Rao“z)amongat others,

It is worth noticing in passing, however that concrete can

change volumetrically in other ways which are caused by, for
example, temperature changes; changes in the relative humidity

of the surrounding atmosphere (lower relative humidities lead



to increased.rates of shrinkage); changes due to elastic
deformation under load. The velunstrie changes due to these
factors are, however, all reversible and are not of direct
importance to the subject of this discussion.

9.2, FACTORS AFFECTING SHRINKAGE

The complicated subject cf shrinkage in concrete,
particularly with reference to the factors affecting its
magnitude and methods of control, are dealt with fully by
many authorities including Neville, Rao(hz) and Billig(AB)
and consequently will not be pursued at great length here
but it is worth considering some aspects of the subject in
view of the fact that it is thought to have an important .
influence on the strength and the behaviour of columms

containing cast in steel plates,

9.2.1 Mix Content
One of the factors judged by many authorities to have the

greatest influence on the shrinkage of concrete is the volume of
the aggregates used in the mix. The particles of rock

(crushed stone or gravel) which form the largest constituent
part of any mix act as restraints to the overall shrinkage

of the matrix, particularly in young concrete when the

strength of the cement paste is low. It follows that the
greater the proportion of these rock particles in the mix,

the greater will be the restraint and hence the less will be
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the shrinkage. It 1s of interest to note that an attempt
was made to quantify this by Ltlic: ,tefﬁé) who compared the
shrinkage of neat cement paste with concrete containing
different proportions of coarse aggregate but he found that
the effects of creep of the cement paste tended to give rise
to somewhat inaccurate results when the relationship he had
derived was used to predict amounts of shrinkage.

The strength of the aggregate particles is not itself
of mich importance with reference to shrinkage but the modulus
of elasticity of these particles, which is often a function of
the strength, is an important factor. Soft particles of
aggregate will provide less restraint than stronger ones
because the rigidity of the former is smaller. Thus the
shrinkage of a concrete made from aggregate of granite, quartz
or hard limestone will be less by up to two times the shrinkage
of & mix made from sandstone or expanded shale.,

The size and grading of aggregates do not apparently
influence the amount of shrinkage directly but, by using larger
sizes of aggregate a leaner mix can be used which shrinks less
than a richer one, owing to the smaller amount of cement used
in the leaner mix. Also, concrete containing smooth surfaced
non-absorbent aggregates will have a reduced tendency to shrink
because the amount of cement paste required will be reduced in
comparison to the amount required for a mix of the same strength



Ao s IO

which contains angular, rough and water absorbent aggregates,

To sum up, for mixes of th: same etrength containing
aggregates of the same size but in different amounts, the
mix of lower workability will shrink less and this mix will
contain the greater proportion of aggregate. Moreover the
water content is usually less in a mix of low worikability 4nd
as this will further increase the relative aggregate content,
shrinkage will be reduced. It is held by Neville however that
the water content per se is not an important factor although
Billig goes #2 far as to say that about 80 per cent of shrinkage

is influenced by water content.

9.2.2 Effect of Curing

There is still a considerable degree of controversy

surrounding the influence that curing exerts on the shrinkage

of concrete which has not yet been entirely resolved. There

is no doubt however that prolonged curing in conditions of high
relative humidity delays the advent of shrinkage although it

does not apparently affect the amount of shrinkage to any great
extent. Of course, curing concrete in moist conditions allows a
greater proportion of the cement to become hydrated which leads

to an increase in strength compared with concrete that has not

been cured properly. This in turn leads to a reduction in the

amount and size of cracks although it has been found that the

rate of shrinkage can actually be increased after prolonged
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curing. However, because a lower capacity for creep is
associated with higher strength and an increased rate of
shrinkage, increased cracking mey be cavsed by prolonged
curing., This conclusion, reached by Neville(AS) is
disputed by some workers who argue that, generally speaking,
curing helps to reduce the effects of shrinkage particularly
with regard to cracking.

With these considerations in mind it is now proposed
to consider the effects of shrinkage on the column in which
a vertical steel plate is cast.

9.3 NORMAIL FORCES ON PIATE
It was shown in the last chapter how the frictional

stresses which acted on a vertical plate cast into a column
could be estimated by loading the plate dovnwards in a
colum in which a horizontal hole had been left beneath the
lower edge of the plate so that bearing stresses were
eliminated and it was shown that a value of 76 1b/sq.in, was
obtained for the columns tested. The existence of a
frictional stress implies, of course, a normal stress acting
on the face of the plate and it is a simple calculation to
estimate the value of this stress if a suitable value of the
coefficient of friction, K, is used. A value for the
coetficient of friction given in CP 2007 (1960){46) 45 1o

used for prestressing wire in contact with smooth concrete
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1s 0,55 =nd although the conditions are somewhat.different .

in the case of the contact betwesn concrete and the cast in
pPlate this value is not perhaps too unreasonable to use in
an approximate calculation. If ff is the frictional stress

on the plate then the normal stress is f&/ﬂ. For the values

of :f and H given above the mean normal stress on the plates
was 76/0.55 = 138 1b/sq. in. and this is clearly not a

negligible quantity.
9.4 SHRINKAGE STRESS HYPOTHESIS

The following hypothesis has been put forward to deseribe
the distribution of stresses in the concrete before dovmward
loading of the plate commences. The normal stresses on the
plate caused by the contraction of the concrete on to it must
be caused by compressive stresses in the concrete and these in
turn must be balanced by tensile stresses elsewhere in the

concrete. Tensile stresses would be expected to occur just

above the upper edge and just below the lower edge of the
plate where the maxima of their distributions would occur,

as indicated in Fig.9.1l. This figure shows an idealization of

the stresses which are considered to. act in the concrete

normal to the vertical axial plane of the column in which the

plate lies. Obviously, for the equilibrium condition to be

satisfied, the areas of compressive and tensile stress must

be equal. Also the sudden change from compressive to tensile
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_streee 2t the levels of thé upper and lower edges of the
plate would be more gradual aliiough it is felt that the
Imaximum.tensile stresses would occur very close indeed to thre
edges of the plate.

It 1s considered that it was primarily the existence of
these tensile stresses which caused the considerable dis-
crepancies between the absolute values of the theoretical
and the experimental transverse strain distributions in the
columns which were described in Chapter 6 and also, and more
importantly, the main factor which accounts for the differences
between the failure loads of 6 in.square colums and 6 in.
cubes when different cube strengths and mix characteristics
were used, This is because in the columms, the tensile
stresses which were caused by bearing of the lower edge
of the plate on to the concrete (loading assumed downwards)
were augmented by the stresses which already existed in the
concrete due to shrinkage. This would result in a lower
bearing capacity of a column compared with that of a cube
under similar conditions of loading, strength of concrotc and
curing conditions., It follows that if the shrinkage stresses,
and hence the tensile stresses in the concrete above and
below the plate could be controlled, or even eliminated, the
bearing capacity of a column could be enhanced. It was

declded to test this hypothesis experimentally by using the



105

testing psocedure described below,

9.5 TESTS AND RESULTS

In order to allow shrinkage of the concrete surrounding
the cast in plate of a column to take place without inducing
the concomitant tensile stresses above and below the plate,
it was necessary to separate the plate from the surrounding
concrete. A set of three 10 in. square colums of standard
length each containing one 12 in. deep plate, & in. thick,
the upper edge of which was 2 in. below the top of the column,
as shown in Fig.5J1was prepared in the following manner. A
rectangular sheet of expanded polystyrene sheeting, 10 x 12 in.
approximately & in, thick of the trp: uszd for the thormzl
insulation of walls and roofs, was attached by adhesive tape
to both sides of the central portion of each plate. Thus
the concrete could be placed round the plate without actually
coming into contact with its surfaces. Contraction of the
concrete would cause the expanded polystyrene sheeting to be
compressed between the plate and the concrete but because of
its negligible rigidity, compressive stresses in the concrete
due to reaction of the plate would be eliminated. In this way
the tensile stresses due to this cause would, it was thought,
also be eliminated. The columns were loaded in the usual
manner through the loading yoke and the results of these tests
IIIBl, 2 and 3 are given in Table 9.1l. Three similar unmodified
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columms were.also tested and the results from these tests
IIIAY, 2 and 3 are also given in the table. The concrete
used for all the colums was from mix 3 (see AppendixB ) and

the moist curing time of 7 days followed by a drying out period

of 3 weeks was standard for each column.,

TAELE 9.1

Test. £, £ B, 2 £, | Av. £

NOe p.s.i pP.s.1 ton p.s.1 §: §:
IIIB1 | 6910 430 37.0 829 0.1199 | 0.1188
11182 | 070 450 36.8 824 0.1165

ITIIB3 | 6950 360 37.3 835 0.1202

IIIAL | 7160 440 27.8 622 0.0869 | 0.0885
ITTA2 | 5870 | 345 24,6 | 551 0.0928

IIIA3 | 5950 350 22.8 511 0.8858

9.6 CONCLUSIONS

Tt is shown in Appendix C that the mean values of f_/f,
for IITA and IIIB were significantly different. If f‘o/fc
is taken as a constant for columns loaded under similar
conditions and is regarded as being independent of f, as in
Chapter 7, then it is clear that the failure loads obtalned
for the columms in which the polystyrene sheeting was
incorporated were significantly higher than those obtained from

the tests on the unmodified ones. It may be added that the
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stage at which the central vertical crack became visible to
the naked eye was delayed in tha case of the modified columns
which confirmed the assertion that the magnitude of the initial
tensile stresses due to shrinkage of the concrete was reduced

when the polystyrene sheeting was used.,

"33 3 K

More practical ways on increasing the strength of the
joint is given in the following two chapters, together with an
account of the way in which the effect of loads from upper

storeys was investigated.



CHAPTER 10
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CHAPTER 10
FURTHER_TESTS CN_COTIMNS

10.1 INTRODUCTION

This chapter describes the remainder of the work that
was carried out on 10 in, square columns containing a plain
£ in, thick plate and 6 in. square columns containing a 3+ in,
plate when loading was symmetrical. Reinforced columns,
columns with pre-compression and plain columns were tested and
the results are plotted on one set of graphs in order that the
differences between them can be appreciated, It is proposed
to deal with each topic separately before making a general
analysis of the results.

10,2 FPLAIN COLUMNS

In order that a general picture could be obtained of
the variations of the ultimate loads with cube strength of
10 in. square and 6 in. square columns loaded symmetrically
through plain plates it was desirable to test a considerable
number of columns of both sizes over a wide range of cube
strengths, In order that consistency could be maintained it
was necessary to ensure that the curing period and conditions
of each column were the same and for this purpose the practice
outlined in Chapter 5 was adhered to for the columns tested in
all of the tests deacribed in this and the following chapters.
The results given in Table10.1l are for the columns tested in
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TARLE 10,1

Test £ £, P, L.

Noe | PasS»ie PeSeds ton PeSede
VAL 84,20 465 48,5 1086
VA2 7790. | 44O 30,0 672
VA3 11280 500 39,0 87k
VAL 9530 450 395 885
VAS 12050 505 59.8 1339
VBl 9760 605 22,1 1393
VB2 9760 605 2.2 1505
VB3 8380 510 22,8 1,18
VB 8380 510 25.8 1605
VB5 92,0 560 28,2 1755
VB6 9240 560 23.2 1443
VB7 64,50 530 15.4 15
VB8 6450 530 19.6 1220
VB9 7070 485 246 1530
VB10 7070 485 23,0 m3
VB11 5750 530 240 1493
VB12 5750 530 21,0 1307
VB13 4580 330 19.6 1220
VBL. | 4580 | 330 15,2 916
VB15 | 11260 575 25.2 1568
vB16 | 11260 | 575 27.8 | 1730
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sexies Vo Four 10 in, square columns (VAL 4o VAL) of
standard length and one long one (VAS) - and eight pairs
of 6 in, square long columns (total height, 42 in,) (VEX
to VBY  were tested, The results are plotted graphically
in terms of fo Ve fa in Figs. 10.Z and 10.3.
10,3 COLUMN PRE-COMPRESSION

10, 3.1 Introduction

It has not, it seems, been the usual practice when
design of connexions between precast concrete beams and columns
has been considered to take into account the effect of column
loads from storeys above the level of a particulsr connexion,
the argument being that the stresses due to the loads trans-
ferred at the connexions are localised and consequently have
no direct influence on the stresses in other parts of the
column. This is clearly correct when the local stresses are
mainly of a compressive nature but it was felt that some
further investigation was necessary in the context of the
present work because it had been demonstrated that tensile
stresses are developed in the concrete below the plate due to
the relatively narrow bearing area of the plate, It was
conceivable that the expansion of the colwmn caused by the
Poisson's ratio effect when the column was supporting loads
from upper storeys could wesken the connexion at, say, the

first floor lewvel,
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10, 3.2 Loading Procedures

In order to test the above hypothesis some 6 “in., and

- 10 in, aguare long ﬁnreinforced columns were; pre~loaded in
compression and then load was transferred to a single cast in
plate, 12 in, in depth, through jacks mounted on the lower
Platen of the testing machine, The loading arrangement

is shown in Fig.10.1l. The 6 in, square columns each contained
a§ in, thick plate and the 10 in. square ones a § in., square
plate. The column was first pre-loaded in compression to a
certain load P in tons.e When the pump to which the jacks
were connected in parallel through a T ~ Junction was activated
& total load of P (ton) was applied through the two loading
blocks, described in Chapter 5, which were bolted to each end
of the column plate, The maximum load which was applied by
the two Jjacks is denoted by Po and Po in pounds divided by the
cross-sectional area of the column in square inches by fo.

The reaction to the jacks was supplied by the force on the
lower platen of the testing machine and in order that the load
in the portion of the specimen below the level of the plate
could be kept at a ccnstant value, the total force being applied
by the jacks was compensated for by an equal increment of load
in the compression testing machine, Consequently, as the
Jacks were loaded, the portion of the column above the upper

edge of the plate supported a total load of P + Pc and the
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ortion below the level of the plate support2d a load of
P+ Pc -P = Pc. The arrangement is actually inverted with
respect to the situation in an actual building but the same

principles must apply.
10.3.3 Results and Opnclusions

The results from these tests are given in Table 10,2,
It will be noticed that VIEL and VIB2 were tested in com-
pression only, no load being applied to the column plate,
The results of this- section and the previous one, together
with the results of series IITA are plotted in Flgs,10.2 and
10.3. The results for the tests on the 10im. sguare eolurns
are shown in Fig,10.2 and for the tests on 6 in. square
columns in Fig,10.3. In each case the regression lines
for fo upon :f'_,3 have been drawn together with the 95 per cent
confidente limits for the regressions, The equations of the

regressions are, for the 10 in. square columns,

£, = 01043 f, ~38 (10.1)
and for the 6 in., square columns,
fo = 00,0749 fc + 834 (10,2)

The relevant calculations together with tests of significance
of the respective correlation coefficients for the two plots are
glven in Appendix C.3. It is worth remerking here that the
relatively large spread of the confidence limits of the

Tegression shown in Fig.10.2 reflects the relatively amall
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number of samples that were tesied,

TABLE 10,2
| Pest | £ e, P_ P £
No. P.8.1. |Pp.s.1. ton ton PeS.ie
VIAL | "10250 | 515 14 | Lhe6 999
VIA2 10810 | 515 173.0 | 48.0 1075
VIA3 8770 | 635 78,0 | 52,0 116.
VIBl 10800 | 520 e 5 0 o
VIiB2 10800 | 520 81.0 0 0
VIB3 11300 | 575 49,8 28,2 1754
VIBL 11300 | 575 48.8 | 28,2 1754
VIB5 10340 | 570 26,2 | 25.8 1605
VIB6 10340 | 570 22,2 | 25,8 1605
VIBY? 11520 | 540 13,1 | 23.4 14,56
| VIBS 11520 | 540 12,5 | 29.0 1805

From the two graphs it seems very likely that the
results of series VI are from the same populations as the

remainder of the points plotted for each column cross-
section, Thus is seems reasonable to conclude that pre-

compression of the columns does not affect the bearing

capecity of the Joint.
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10. 4+ RETNFORCED COLUMNS

10, 4¢1 Introduction

It i1s clearly of some importance to &ascertain the effect
on the bearing capacity of a column of reinforsements particularly
of link or transverse reinforcement, As all columns used in
actual structures have to have a certain amount of transverse
reinforcement any increase in the bearing capacity achieved by
this means would be provided at little or no extra cost as long
as the arrangement was simple, Two different arrangements were
investigated, one in which a link was actually in contact with
the plate and one in which a gap separated the link from the
plate (this gap was in all cases nominally 2 in. ).

10,4.2 Specimens

Three 10 in., square columns of standard length were
reinforced according to the scheme of FigslOs4e  Ordinary
round mild steel was used throughout the tests, consisting of,
for the main steel, + in. diameter and for the links ¥ in,
diameter. The mechanical properties of the steel used are
given in . Appendix B.2, These specimens were used in series
VIIA, |Three similar columns were also tested in the same
manner using the centrally loaded yoke to apply symmetrical
1oadiﬁg to the plate but the link S was omitted. These
comprised series VIIBs A further four columns of series

VIIC were reinforced in the manner shown in Fig,10.5., In
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‘"0 case of these columns, the directicn of loading was
upwards and load was applied Lugh the two jacks connected in
parallel to the pump, as desoiriucl. in seotion 10U, 3.2
10,4,3 Mode of failure

A view of a column in which link S was incorporated

is shown in Plate 8, It will be observed that the extent of
the spalled area beneath the plate was larger than was the
case for the unreinforced columns {compare with Plate L) and
this was found to be the case for the three columns of series
VIIA, It can also be seen from Plate 9 how the link adjacent
to the lower edge of the plate was bent and this was clearly
vhat caused the large amount of spalling., IHowever, this
bending did not oocur until the column had cracked considerably
and the plate was being pushed downwards, for the most part
after the maximum load had been reached.

The mode of failure of the specimens in which the
link S had been omitted was similar to that of unreinforced
colums exoept that the portion of the column below the plate
in series IIIB and above the plate in series IIIC did not
split completely apert when the ultimate load had been reached
due to the presence of the transverse reinforcement. The
area of spalling was also similar in extent to that in

unreinforced columns.
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1<ohek Results end Gonelusions

The results of the tests on reinforced colums are given

in Ta'ble 10' 31

TAELE 1C.3

__fest fc ft Po f:1' .59.

No. DPeSelda | Peseds ton De Sede s
VIIAL | 10150 515 75.0 | 1680 0,1655
VIIA2 8570 360 59.5 1332 0e1554
VIIA3 | 10340 595 76,0 1762 0. 1646
VIIBL | 12750 505 67.0 1500 0,1177
VIIBZ | 12,10 575 64e.5 VAN A 0, 1164
VIIB3 | 12,30 | 575 68.5 | 153k | 0.,123%
VIICL 9920 450 27,6 1717 0.1731
VIIC2 9920 450 27.6 18,2 0,1857
VIIC3 | 10080 560 27.8 1729 0.1715
| VIICL | 10080 | 560 29,6 | 18,1 | 0,1826

The best way of examining these results is to compare them
with those from the tests on unreinforced colums which were plotted

grgphically in Figs.10.2 and 10,3. For olarity only the

regressions and the 95 per cent confidence limits have been drawn

in Figs,10,6 and 10,7 which show the plots of results of Series

VIIA and VIIB, and Series VIIC respectively. If the values of

the failing Joads for Series VII are compared with the expected
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£ Hng lozis ealoulated fiom the regression~ it is found that,
for seriesV(Iy, £, vas 62.5 per ¢iui greavey on average than
for a plain column; for series VIIB f o Vas 17.7 per cent
greater and for series VIIC, 12,6 per cent greater, The

fact that the last two percentages are relatively small shows
that the incorporation of a % in. diesmeter mild steel link 2 in,
from the lower edge of the column plate (assuming that the
direction of loading is downwards) ensures that a column will
fall at a load slightly above that predicted for an unreinforced
one of the same concrete strength. For the columns in which

& link was actually in contact with the plate however, a

considerably greater load could be supported. These results

indicate that in normal columns which are adequately reinforced,

the regression line of Figs.10.2 and 10.3 can be regarded as
the lower limit of the ultimate bearing capacities of 10 in,

figumxre and 6 in, square columns.,

10,5 RECTANGULAR CCLUMNS
Although all the tests reported in this thesis were

performed on columns of square cross-section it is a simple

matter to compute the ultimate load of a rectangular column

vwhen loaded in a similar manner, It has been showm how the

Wtimate load of a square column vhen loaded through a
relatively thin cast in plate set vertically on a central

longitudinal plane can be expressed as
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P
o 2
f = — gr P = D. P
o Dlﬁ Dl 0 170

where Po is the ultimate load and'Dl is the dimension of each

side. Consequently the reaction per unit leugih ef plate is

Dl:f'o where Dl in this case is the dimension of the side through
which the plate protrudes, If a column has dimensions D; and
“{Dl in which the side parallel to the plane of the plate is of
length D]. then the reaction per unit length of plate is still

Dif, Af the plate thickness is the same in both cases and the

ultimate load PY is given by

P
£ =
o = Dy xyD
orP =yYD2f = YP
rr“.rl 0 o
10.5.1 Example

Find the ultimate load of 6 x 9 in, column whose longer
dimension is parallel to the plane of a % in, thick cast in plate;

the cube strength is 6000 1b/sg.in.

Solution From equation (10,2)
£ = 0,0749 x 6000 + 834

0
= 1283 1b,/sq. ine

Y = l5
1.5 x 6 x 6 x 1283

therefore Ef
30,9 ton

n
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CHAP:' ™R 11

-
e

UNSYMMETRICAL LOADING OF COLUMNS
o e L s e e = 2 e £

11.1 INTRODUCTION
A1l the work reported so far was carried out on columns in

which the cast in plate was symmetrically loaded by applying
equal loads through bolts located close to the ends of the plate
which were at equal distances from the faces of the column. It
Was clearly of some interest to be able to predict the bearing
Capacity of a column when unequal loads were applied as this
Situation could arise in practice, particularly at a corner
column. For this purpose a limited testing programme was

initiated to enable the affects of applying an out of balance

moment to a column plate to be examined,

11.2 TESTING FPROCEDURE
A1l but two of the 6in. square columns that were tested

were reinforced according to the scheme shown in Fig, 10.5.

One pair of wnreinforced columns was also tested for purposes

of comparison. Long columns only were used, for convenlence,

and load was applied through the jacks which were connected in

Parallel to the pump for the majority of the tests, Thus equal

loads could be applied to each end of the column plate (thickness
% ine) and in order to apply moment the distances between the
Jacks and the faces of the columns were varied in different
tests. The loading arrangement which was used for the tests
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is shown schematically in Fig.11.1. The distance of the points.

‘ab which load was applied from ihe faces of the column is

denoted by & and e, in inches. In order that standard plates

Could be used in the columns an extension piece was made which
consisted of two %in, thick portions of plate, 12in. deep which
Were lap welded together so that no.out of planc moments vould be

induced in the column when it was bolted to one end of a standard

Plate and loaded through a loading block (described in Chapter 5)

Which was bolted to ite The loading block could be located in

one of three positions as can be seen from Plate 9 which shows

the general arrangement before testings. The rollers can be

Seen in position between the jacks and the loading blocks; these

Were used so that rotation of the plate could proceed unhindered

88 load was increaseds Plate 10 shows a column after being

loaded on one side only, The two horizontal cracks which

formed parallel to the upper and lower edges of the plate as
the ultimate load was approached can be seen in this photograph,

The loading block wedged between the jack and the left hand
face of column provided, together with the horizontal hollow

Steel beam section seen in the top right hand corner, restraint

8gainst overturning of the column, Added to this a small pre=-

Compression of the column was applied which was of the order of

10 ton, Some gaunge readings were also taken but they added

little to the general understanding of the behaviour of the
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connexion and are therefore not reported here.

11.3 MODE OF FAILURE
The mode of failure of all the columns was dominated by the

formation of vertical cracks above and below the plate on the

centre lines of the column faces through which the plate

protrudeds In the case of the columns loaded through both

Jacks it was observed that at failure the longest crack and the
most extensive spalling always occurred above the upper edge of
the plate on the side of the column which was furthest from a
Jacke A shorter erack also occurred on the opposite face above
the plate but little cracking was observed below the plate at
failure, In the case of the columns loaded on one side only
the pattern was similar except that there was only a small crack
above the plate on the unloaded side but a quite considerable
ons beneath the plate on that side, which was almost as long as

the one which formed above the plate on the loaded side, As

failure was approached the two horizontal cracks referred to in
the previous section developed but were limited somewhat by the

Presence of the reinforcement,

Moreover, if the pre-compression had been greater this
horizontal cracking would have been further limited but

nevertheless 'its axistence was not considered to have

appreciably influenced the values of the loads which caused the

ultimate vertical splitting of the columns,
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11.L RESULTS
The results of all the tests are given in Table 11,1, Tests
VII Bl and VII B2 were on unreinforced specimens. P is the load
in tons at which a particular column failed and is the combined
maximum load supplied by the two jJacks when used together or the
maximum load supplied by the one Jack when used alone, Po is
the maxirmm load in tons at which an unreinforced column of the
same cube strength and cross-sectional dimensions as a reinforced
one would be expected to sustain, and in the case of the columns
used for the tests described here was calculated from equation
(10.2)e M is the momemt about the column centre line in
in.,-ton, These results are plotted in Fig.ll. 2 which is a
plot of Pm/‘Po against H/POD which are non-dimensional parameters,
The D in this case is the length of the embedded portion of the
plate and was for the tests described here, always 6in. The
straight line which has been drawn below the plotted points is
a theoretical one which is arrived at by induction in the

following analysis., The equation of this line is -

P 2.0M (11.1)
P o



TARLE 11
wot | 2 Fo % %2|%7% P__m _}_I___
Noe{pPeSele{pesSeief ton | ton | in,| in.| in, P, PD
VITALIIU00 | 495 | 22.L | 27.12) 8.0] 2.5| 5.5 (048259 0.Lk0L5
VITA2{10950 | 605 | 1Le0 | 26458 | 15.0f 3.0| 12,0 | 045267 045267
VITA3{10950 | 605 | 13,6 [26.58| 15.0{ 3.0| 12,0 | 0,5116 0,5116

VITALI107LO | L85 | 1646 | 26432 [ 11,0 2.5| 8,5 | 046307 | 0.LL67
VIIAS{10740 | L85 | 17.2 | 26432 [ 11.0| 245 8.5 [ 0.6535( 0.4629
VITAG(10300 | 540 | 29.0 | 25.79] 5.0{ 2.5| 2.5 |31.124li| 0.2342
VIIAT|10300 | 5LO | 2946 [25.79( 5.0] 2,5] 2.5 }L.1477 0,2391
VIIAB| 9270 | L85 | 10.8 {24455 | 8.0) ===) 8,0 |0.4399] 045865
VIIA9) 9270 | 1485 | 1148 | 2455 | 840 === 8.0 [0.LB06 | 0,5865
VIIBL|10970 | 560 | 14,9 [ 26459 | 25| ===| 2.5 {05603 | 045136
_L_vusz 10970 | 560 | 1048 | 26.59 | 2.5| ===| 2.5 |0,LO6L| 043273
11.5 ANALYSIS

The applied system of forces acting on a colum with a

vertical cast in plate just before failure occurs can be taken

as equivalent to a moment N about the column centre line and a

force Pm which acts on the centre line.

A possible distribution

of the reactions acting on the plate caused by this equivalent

system is shown in Figelle3e
the resultants of the reactions must be equal and opposite to

the applied force, 1.6

For equilibrium to be maintained
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P = P = P (31.2)

and the sum¢ of the moments must be zero so

M = PjD + PyD (11.3)

PO/D is the reaction per unit length of the cast in portion of
the plate which would arise if the plate was being loaded by a
symmetrical load in an unreinforced column just before failure,
The results of the last chapter showed that the maximum load per
unit length of the c¢ast in portion of the plate in a reinforced
column was slightly greater than 1.1P_/D and consequently this

value has been taken as one of the ordinates of the reaction

diagram, The assumption made is that this can be increased

by a small amount, say 5 per cent of PO/D in the local region
close to the face of the column which is most highly stressed.
This is not unreasonable if it is recalled that the limited
region is in the vicinity of a link which allows a certain

degree of ductility of the combined material without complete

disintegration of the structure. The distribution above the

plate is a assumed to vary linearly. The shape of the P,

distribution is for convenience taken as rectangular but there

does not appear to be any required shape to satisfy the

equilibrium and moment conditions, . The only necessary condition

applies to the maximum ordinate of this distribution which should

not be greater than l.lPo/D.
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Taking moments of area about the centre line for P, only

to obtain a
x P
o.D_D 0
(1.15 - 1.1)5— X5X Z + 1.1D xDxO
P
115 F 1ol
- { 52 )x.ﬁngan (11.L)
_ 0.0500 x D
hence 12 x 1.1250
= 0,0037
Now equation (11.3) can be re-written as
= = Plcn + PZ'B (11.3a)
Substituting cquation (11.3a) in (11.1)
P = L1.IP- 2(Ps +PB) (11.1a)
substituting equation (11.2) in equation (1l.la) and rearranging,
Pi(1 + &) + Py(2P~1) = 1.1P, (11.1b)
but from Fig.ll..'i,
hence - 0.0333
P2 Po 1 - 2B (1105)

For P2 > 0 P{(O—'%.%%> 0

or B < .];_:_Q.é_ol'.a_i( d.5

which satisfies the condition for 8 < 0,5 when P,> 0
A possible rectangular distribution for P, could havd
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a base length equal to D/3, Then

D 1D _ D
D = z-337 3
From equation (11,5)
- 0.0333
P2 Po 1 =
= .0:0998P° i

The height of the rectangle is then

P, m 02991&’-
Q%3 * D

This satisfies the condition that the maximum ordinate is

P
less than 1.1-1%.

A possible triangular distribution for P2 could have a

base length equal to D/3. Then
D 1D _ 7
D = 3°33 " 1@

From equation (11.5)
0.0333
2 " Ryl
18
b 0.1h97Po

The height of the triangle is then

P
st ..J.'. -I-]- e B 82—?"

Pysg*y = BERG

This satisfies the condition that the maximm ordinate is less

PO
tha.n l' 1"'5'.
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11 * 5 ad. EXSEZEle
Find the cube strength required for a 10in, square

column to support a 5/8in. thick plate loaded on one side

by a load of 20 ton and on the other side by a load of 15 tén,

the distances between the lines of action of the loads and

the centre line of the column being 7.5in.
Solution

M = 7.5 x (20 -15) = 32,5in, - ton

P =20 + 15 = 35 ton

Using eqution (11.1)
1 32.5) _
P = x(35 + 2,0 x 332 ) 41.5 ton

_lal.5 x 2210 .
hence £, 5510 929,6 1b/sq. in.

Using equation (10.1) to obtain £ for a 10in. square column,

f('.'. = 9260 lb/sq. in.

This would be the required cube strength based on a somewhat

conservative ultimate load analysis,.
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CHAPTER 12
ey

LOADING THROUGH T - SECTION

12,1 INTRODUCTION
It has already been shown that a connexion consisting only

of a relatively thin plate cast into a column and loaded

symnetrically can sustain substantial loads. However it was

clearly of interest to examine possible ways of increasing the
potential bearing capacity of the steel plate type of connexdon
and some methods have been considered in Chapters 9 and 10,
Perhaps the most obvious way of increasing the bearing capacity
is simpl§ by increasing the bearing area because by doing so

some advantage can be obtained by making use directly of the

compressive strength of the concretes There are several

different ways in which this can be achieved; by increasing

the width of the simple column plate; by adding a rigid
horizontal ledge to the lower edge of the thin column plate
which was used in the majority of the tests which have alrcady
been described and by adding lugs of various shapes to the
vertical surfaces of the plate and so effectively increasing its

widthe It was described in Chapter 1 how Gifford used an

inverted T =~ Section in one type of beam to column connexion
and this and the first two of the above mentioned methods have
been considered from an experimental point of view in the work
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which 1s described in the following pages. Some of the methods
have been used with some success in industry but again it must
be stated that the extent of the knowledge about rational design
criteria appears to be very limiteds In the light of the
results which were obtained, it has been thought reasonable to
use some simplified testing methods to enable conclusions to be
drawn for all the different variations suggested above, These

are described in the following sections,
In view of the large number of test results which were

likely to be required it was decided to test 6in. cubes loaded
through steel loading pieces consisting of rectangular plates
of various thicknesses and widths rather than to make tests on
full scale columm specimens which were not only time consuming
but to some extent limiting as the results from tests of the
latter type had been shown to bs depen@ggt on many variables
associated with propertics of the concrete used in each test,
The advantages of using cubes have already been clearly stated
in Chapter 6 and whilst the results from such tests may not
always be directly applicable to the case of a colum loaded
through a vertical cast in plate, for instance, it was thought
possible to use the results of tests on cubes to provide a basis

of a method for estimating column bearing capacities when

different plate configurations were useds Loading was applied

through both rigid and flexible loading pieces as described
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12,2 TOADING AND MODES OF FATLURE

12,2,1 Rigid Loading Pieces

A large number of cubes were tested in the manner of
Fige.12.1 (a). For this purpose a bar of bright steel 6in. long
and cross-section %in. square was positioned on one of the centre
lines of the upper surface of a cube and the upper platen was
brought to hear on to it, The cube was then loaded at a constant
rate until failure occurred by splitting of the cube, as indicated
in Fig.12.,1 (a)e In most cases a wedge of concrete was formed
beneath the loading plece whose base width was the same as the
width of loading and whose height was approximately twice this,
The wedge clearly formed as a result of the compressive stress
field which existed immediately under the load and tensile
stresses which existed in the concrete in the regions close to
the lower corners of the loading piece (see Chapter 2). Frocht
showed by means of photo~elasticity that high shear stresses
occurred in these regions when a semi-infinite laminar was
loaded along its edge by a short rigld loading piece and it
appears that when wider loading pieces were used as in the tests

described here these stresses dominated the overall stress field

and ultimately the mode of failure of the specimens In the

central zone of the cube between the apex of the wedge and the

base of the cube, tensile stresses which acted horizontally
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became dominant and cracking occurred when they reached their

limiting values.

Some cubes were also tested in the manner of Fig.12.1 (b)
and (c). The %in. thick loading piece was replaced by
rectangular plates of length 6in. and of different widths so
that the effect of using vertical plain column plates of
different widths could be investigatedes The upper platen was
brought to bear directly on to the plate and loading was
continued until failure. As the failure load was approached
cracks started undet the edges of the plate and travelled
downwards and outwards until total failure of the cube had
occurred. It was noticed that the load to cause failure of

the cube increased more or less uniformly with the width of the

plates until the maximum width of plate was used, equal to the
side length of the cube, when the test becomes the conventional

cube compression teste.

12,2.2 Flexible Loading Pieces
Tests were also carried out on.cubes loaded in the manner

of Fig.12,1 (d) and (e)s A steel rectangular plate of length

6in. was placed symmetrically on the upper face of a cube and
the in, squarc loading piece was placed on top of the plate so

that the longitudinal axes of hoth the plate and the loading

piece were colinear with an axis of the cube, The upper platen

of the testing machine was again brought into contact with the
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Zin, square loading plece and load was transmitted through the

plate to the concrete, 1In this way it was possible to simulate

a column loaded through an inverted T - section. Nine series

of tests using this loading arrangement were performed, a

different width of plate being used for each test. Four series

were carried out using 4in. thick plates and four in which the

plate thickness was 5/6in.
When the width b of the plate was small compared to the

width D of the cube the cracks in the concrete formed at failure
close to the edges of the plate, as shown in Fig,12,1 (d) and as
the width of the plate was increased the distance between the

top of the two cracks increased to a maxdmum value (for a

particular thicknaess of plate) as showm in Figel2.1 (e). Once

the maximum distance had been attained the load to cause failure

became constant whatever the width of the plate., This horizontal

distance varied with plate thickness being larger for plates of

relatively large thickness. When failure had occurred it was

observed that the wider plates had been bent into a shallow
U = shapo under the action of the narrow loading plece (the Zin.

square bar) and that the central portion of the surface of the

conerete between the cracks had ylelded to follow the shape of

the plate. It was therefore not surprising that there was no

increase of failure load after a certain width of plate had
been reached because they were transferring load over a limited
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central area due to bending of the plates,

12,3 RESULTS
The results of series CII, the tests in which the cubes

were loaded through the %in, square bar only are given in

Table 12,1 and the results are shown graphically in Fig.12.2

which is a plot of fo Ve fc' The values of fo given in the

table are the mean values for all the tests in each batchs

TAEBLE 12,1
Test fc f‘b fo No. ?f i‘Z
No. PeSels | PeSels | PeSele| Specsa fc

CIT1 | 11280} 535 | 2373 0.2103

CII2 11160 600 2370
CII3 10540 530 2187
CIIL 10020 515 2140

6

2 042123

3

3
CII5 77hk0| 505 | 1670 6 0.2159

3

6

6

02074
042135

CIT6 7430( 505 | 153 0,2076
CII? 5630 | a5 | 1187
| CII8 5380 3L0 | 126k

062107
0.2347

Fig.12.2 shows that there is very nearly a functional
relationship between fo and the cube strength fc and this is

born out by a regression analysis given in Appendix Ce3 which
shows that the correlation coefficient is very close to unitye
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The equation of the regression is

£, = 0.1996 £, + 117.5 (12,1)
for the range of cube strength 5380 to 11 2801b/sq.in. This
indicates that in the case of cubes tested under narrow strip
loads of constant width that the non-dimensional factor fo/'fc
is very neary a constant which is equal to 0.2140 * 0,0043

(35 results), the second figure being the standard error of the

mean,
Table 12,2 gives the results of the tests in which the

flexible plate system was used, test series CIII, The thickness

of the horizontal plate was T inchess The load at failure,

i.e. the maximum load was for each cube denoted by'Pldg in tons,

f14

g is that load in pounds divided by the cross-sectional area
of the cube in inches and the results of these tests and of

series CII are plotted in Fig.12,3 in terms of fldg/rc as a

function of b/D, The results of series CII plot as one point

as the b/D ratio was constant at 0.0833. When b/D = 1 clearly

fldg/'fc mist also equal unity if the ledge is rigid as this
corresponds to the standard crushing test for concrete and a

straight line has been drawn between the two points
f

: N b ldg
“b f14g \ d(2 = 0,08 = 0,2140
kﬁ a 1’ s o 1/ an (‘S 33, fc 2111- )

For the sake of clarity points lying along this line, for which

T = have not been plotteds The three horizontal lines are



TABLE 12,2
Test |T b A | Prge Edﬁ
No, | in. ~ PeSels |PeSels| ton fc

CIITL |5/8 | 04167 | 11 160 | 600 | 66.7 | 04372
04333 88.0 | 04,490

0,500 864l | 0oLBL

0,833 91.3 | 0.50%

1.000 87.1 | 0.485

CIII2 04333 [ 10020 | 515 | 65.2 | 0,L05
04500 76,0 | 0,472

0,667 8040 | 0,496

1.000 77,0 | 0.L78

CITI3 0.333 ) 8LoO | L35 | L9.7 | 0.368
0.667 62,6 | 0.L6L

0.883 66,7 | 0.9

1.000 6.1 | 0.L75

CIIIL 06333 | 11 560 | L55 | 79.0 | 0.L25
04500 87.6 | 0.LT1

0,667 87.6 | 0.4T1

0.833 93.1 | 0,501

- 1,000 85.8 | 0.462




nt!d,

=136

T%Co b T 3 P o g&
Noo | 4n.] ® | p.seis [pesels] ton £,
CIII5 | 1/2] 0,333|10 180 | L85 | 58.0 04354
04500 653 04399

04667 6643 0.Lo5

0.833 6L.6 04395

1.000 6340 04385

CIII6 | 1/L| 0.,167| 11 160 | 600 | 60.2 04335
0.333 63.0 0e351

04500 65.1 04363

0.833 65l 04364

1.000 58.0 0.323

CIIIT7 0.333]| 10 020 { 515 | 53,6 0,333
0.500 5L.U 0.319

04667 53.0 04329

1.000 L9.2 0,305

CIII8 06333 8 k0O | L35 [ L3.1 0,319
04667 LL.5 04329

0.833 Lle5 04329

1.000 L6.6 0,345

CIII9 0.333{ 10 130 530 | L5.6 0.280
04500 5946 04366

04667 53.8 | 0,330

0,833 5041 0.310

1,000 ! | 58,6 0.360
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drawn for the mean values of the three sets of points which

fall to the right of the sloping line corresponding to the
three different values of T which were used in the tests. These
mean values of fldg/':f.‘o are given in Table 12.3 and the relevamnt

calculations are given in Appendix C.l.

TABLE 12.3
- g f3de | c.v. | o, of
Av._f_g » L -
in. c % SpecsS,

5/8 | 0.8 | 2,9 15
1/2 | 0.3876 | L.5 5

1/L | 0.3325 | 6.7 17
In view of tha-}act that the number of results used to calculate

the mean value of fldg/fc for the case T = 1/2in, was not
greater than a third of those used for each of the other two

calculations it was felt that this value must be regarded with

some degree of doubt, This is because the difference between

5/8 and 1/2in, is only half of the difference between 1/2 and
1/hin, and consequently it might have been expected that tho
value of fldg/rﬁ for T = 1/2in, would have been, had more tests

been carried out using this value of T, closer to the upper

value than in fact it is.
The ordinates at which the horizontal lines intersect the

sloping line gives the value of b/D for which the ledges ceased
to act in an effectively rigid manner and the values of b/D at
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which this occurred are given in Table 12.4 which also gives the
values of the non-dimensional factor bz/TD which has also been

calculated for cach value of T,

TABLE 12.1
| p | X
in, D TD
5/8 0.3978 | 1.5191
1/2 | 0.2889 |1,0008
1/ | 042250 |1.2150

If the value of b2/ID for T = 1/2in. is ignored for the
reason stated above it is clear that the mean value of bg/TD

lies between 1.5191 and 1.2150 but for purposes of design it

would be necessary to take the lower value, Thus it can be

concluded that for the ledge to behave in an effectively rigid

manner it would need to have a bz/TD value less than 1.2150 for

a given value of T,

12, DESIGN METHOD
It is considered that the results described in the previous

section provide an adequate basis for the design of connexions

which consist of either a vertical column plate with a ledge

welded to its lower edge or of an inverted T = section cast into

the colum and loaded symmetrically, For this purpose it is

necessary to use the graph shown in Fig.12.l which is a plot of

fldgjro v.b/D for the cubes of series CII and CIII. fldg/fo



fld b
PLOTS OF "% V" %

s
{Lds ‘
%, /
* 7
3 } /
5 L]
%
/ / /Eg_n
2 p XN
i
4
d
]
c.0e33 ot o4 ob o8 B 10

Flgur‘e 2.4



~139-
was calculated by dividing fldg/fc by foffc taking for fb/fc

the value obtained in series CII, i.e. 0.2140, In other words,

Fig,12,l4 is a more general form of Fig.12,3. The equation of

this line for which the stiffness of the ledge is effectively

infinite is easily showm to be given by

£
ldg . h.oooE% + 0.6663 (12.2)

fO

The proposed design method follows automatically and will be
illustrated by example,

12.4.1 Example

Find the ledge dimensions required for a 6in, square
column, whose cube strength is 70001b/sq.in. to support a load

of 15 ton applied symmetrically to a vertical column plata.

Solution

From equation (10.2)

£, = 0.0749 x 7000 + 834

= 1358 1b/sq.in.

£
Therefore 1dg _ LS x2240 . 1
raalle e ¢
= 2,0617

Now, for greatest efficiency it 1s assumed that the ledge
behaves perfectly rigidly so equation (12.2) is used to give

the relevant value of b/D i.e.
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2,0617

= 4.0005 2 + 0,663
hence -g = 0.,3488
hence b = 6 x0.3,88

= 2,0938 or 2 1/8 in.

For rigid behaviour the condition on T is that

b2
D

2
hence T > (2.1250)
6 x 1.2150

or T > 0.619k4, say 5/8 in.
Thus a Jedge of thickness 5/8 in, and breadth 2 1/8 in. would

be suitable.
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CHAPTER 13

DIFFERENT PLATE CONFIGURATIONS

13,1 PLATES AT RIGHT ANGLES

13.1.1 Introduction
Although the majority of the t ests performed for these

investigations were on colums (or cubes) in which the load was

transferred through a single vertical plate (or loading strip) it

was appreciated that in a building, many internal columns

supported at the same level not two beams but four, The colum

would therefore be loaded on both transverse axes requiring two

plates at right angles to each other to transfer load from the

beam plates to the column, The 8implest way of achieving this

configuration is to cast into the colum a cruciform shape
consisting of steel plates set vertically and welded together;
in the case of a square column the cruciform has arms of equal

lengths In many cases that are likely to be met with in practice,

the loading in one direction may not be the same as that in the
other but once erection is completed the loading due to dead

weight, at least, would be symmetrical in each of the two

principal vertical planes. It was therefore necessary to

establish the relabionship between the failure load of a column

loaded through a cruciform and that of a column loaded through
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a single plate of the same thickness and also to determine
whether initial loading in one plane affected the load bearing
capacity in the other planes The problem then reduces to a
consideration of how effectively the cruciform acts as a stiff

spreader plate.

1301.2 Tests
Tests were carried out using 6in. cubes to compare (i) the

failure load produced by loading a cruciform uniformly with that
produced by a single strip load alone and (ii) the failure loads
produced when a cruciform was loaded uniformly on both axes with
that produced when the cruciform was loaded uniformly on cne
axis only. For comparison (i) the results of series CII3 are
compared with those of series CIVl, the loading scheme for which
is shown in Fig.13.l. For comparigon (il) the results of
series CIV2, the loading scheme for which is the same as for
CIV1 are compared with series CV1l, the loading scheme for which
is shown in Fig.13.2.

The crucifarm consisted of a square plate of bright steel
of side 6in, and thickness %in. on to which were welded two
plates of depth 6éin, length 23in, and thickness %in, to form
a symmetrical cross whose height and width were 6in., The
upper and lower edges were accurately machined true and parallel
to each other in ‘order to facilitate symmetrical loading of the

cube when pressure was applied uniformly on the upper edgess
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The single strip load was applied over a width of Hn, as
described in Chapter 12, Again, it was ensured that the cubes
were placed in the testing machine with two moulded faces set

horizontally, Fig.l3.3 shows the locations of electrical

resistance gauges (type 6E) comented to a cube tested in the

manner of CII.

13,1.3 Results
The results of the comparative tests are given in Table 13.1

in which P is the ultimate load,

TABLE 13.1.
Test fé f% P C.Ve
NOs | PeSele | PeSels] ton %

CII3 [ 10 54O | 530 | 35.2 3.9
CIVL | 10 540 530 | 72.9 2.1
cvl 8 960 | 5LO | 62.6 242
cIve | 8 960| 54O | 61.8 5.9

The number of specimens for each test was three, It is clearly

seen that for comparison (i) the mean cube failing load produced
by the loading system shown in Fig.l3.1 is twice that produced
by loading through a single strip and for comparison (ii) the
results show that the crucifarm of the dimensions used in these

tests acts in a rigid manner and transfers the applied load

equally in both planes.
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Fig.13.h shows load v. strain characteristics for a cube
loaded through a narrow strip and it is apparont that there
are no tensile strains caused by the type of loading on the
faces of the cube which are parallel to the loading stripe
This is taken as an indication of the fact that when load 1s
applied through a cruciform uniformly loaded in both planes the
resulting stresses produced in the cube under the load in one
direction do not interact with those in the other. This
confirms the results of comparison (i).

13.1.4 Conclusions

From the work described above it can be concluded that
when a square or rectangular column is loaded in two orthogonal
directions the loading in each direction can be considered quite
separately far the purpose of calculating the failure loads, at
loast for relatively narrow loading widths., Although a b/D
ration of 1/12 was used in the tests, this assertion is likely
to be valid for larger values of b/D and even for b/D talues
which are different in each direction, Moreover, the maximum
loading may be applied in one direction initially without
affecting the load carrying capacity in the othere Thus a
cruciform could be used to(gééaﬁb the load carrying capacity of
a connexion which was used to support any number of beams, At
a corner column where only two beams at right angles are supported

or when three beams are carried to a side column it may be
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necessary to calculate the effect of forces produced by moment
acting in tho vicinity of the embedded plates due to the
unsymnetrical loading, This is likely to be of only marginal
importance, however, provided reasonably deep plates are provided
to distribute the loading, Some examples illustrating the

above points are given in Fige,13.5.

13,2 INFLUENCE OF EDGE SHAPE

13.2.1 Introduction
It was appreciated at an early stage in these investigations

that the shape of the loaded edge of the embedded plate might
have some influence on the load at which failure occurred,

It was observed by Timoshenko that at the point of
application of a point load on the boundary of a semi~infinite
laminar the stresses werae theoretically of infinite magnitude
because a finite force was acting om an infinitesmal areas This
was realised by Guyon (sec Chapter 2) and the stresscs in this
region given by plane framework method of Chapter 3 are also
very large. In practice, Timoshenko argued therc is always
some ylelding of the material at the point of application and
the load will become distributed over a finite arca. He
therefore ignored the region very close to the point of
application by imagining that the portion of the material which
suffers plastic flow is cut out from the remainder by a
cylindrical surface of small radius, and then applicd the
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equations of elasticity to the rest of the material. It was
reasonable to infer therefore that at least from the theoretical
point of view, the shape of the very narrow vertical colum
plate would not have any influence on the stresses sel up in
the concrete at some distance from the point of application

of the load, This follows of course, from the principle of
St. Venant, In practice however, whilst the strains at some
distance from the point of application would be largely
unaffected by the shape of the loaded edge during the early
part of the loading sequence, it has becn observed that the
load to cause failure was in fact affected by the shape. Some
simple tests werc devised to examine the effect of differemt

shapesSe.

13 02 .2 Tests
A batch of twelve 6in, cubes was cast in four sets of

three. One set was cast in the usual manner but the remalning

nine cubes each incorporated one of three types of test plece
made of bright steel bar. The three types of cross-sectlon
woro rectangular, semicircular and triangular and are 11lustrated
in Fig.13.6 (1)e Thelr length was 6in,, the maximum width of
each was #in. and the maximm depth 2in., One test piece was
fixed in a vertical position along the centre line of one wall

of each cubs mould by a thin smear of a contact ashesive

(Evostik), after ensuring that the surfaces to be contacted
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had been cleaned of oil, so that an impression of the test piece
could be made in one moulded face of each cube. For testing,
the test piece uscd in each casting was positioned in its

groove on the face of the cube and a Zin, square loading piece
6in, long was placed on tops The lower face of the cube was
also a moulded one to facilitate uniform loading. The p;ané’
set of cubes was tested by loading each cube through a ggéndard

2in, wide loading strip placed centrally on the upper moulded

face. The method of loading is exemplified in Fig.1346(ii).

13.2.3 Results
The results of the four sets of tests are given in

Table 13.2. The concrete mix was the same as that used for

test CIIl.
TABLE 13.2

Test P CaVe

piece ton %
(a) 3843 6.1 |
(b) 38.0 Lol
(e) | 29.2 6.6
(d) 20,0 16.3

P is the mean failing load for threec tests,.
It can be seen that there was no significant difference of
failing load when cubes were loaded through a rectangular test

plece whether embedded or not, However, when a test plece
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of semicircular cross-section was used the failure load was
reduced by approximately 25 per cent and when a triangular
cross-section was used the load was reduced still further to
approximately 50 per cent of the load when rectangular test
pieces were used,

13.2.L Conclusions

It appears from a conslderation of the sbove results that
tha shape of the lower edge of a plate which is cast into a
colum to form a connexion is extremely critical, It would
seem that the theoretical device of Timoshenko that was invoked
in section 13.2,1 for dealing with stresses in the immediate
vicinity of a knife-edge load is not applicable to the case of
narrow strip loads, This is probably due to the fact that
concrete does not behave like a ductile material like steel
bubt more like a brittle one, particularly in tension when its
ability to yleld is limited, The results of these tests show
that it is necessary to ensure that for maximum efficiency,

loading is transferred through plates whose edges are flat and

horizontal,
13,3 USE OF PLATES IN PAIRS

13.3.1 Introduction
It was found that when thin column plates were used to

transfer large loads, as in the case of 10in., square columns

when 5/8in. thick plates were used, the bolts which were
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employed to transfer the loads from the jacks or the yoke, to
the plate had a tendency to yield by double shearing when high
loads were apnliede Of course, in real structures this problem
could be overcome by either increasing the diameter of the bolts,
or by increasing their number but these may not be practical
alternatives in all instances as the areas of the protruding
portions of the beam and column plates may be limiteds In
practice, the problem has been overcome either by increasing

the thickness of the protruding portions of the plate in both
the beams and the column, or by using plates in pairs which are
separated by a small gap (see Fig,13.7). These are cast into
the column and a single beam plate is then located between the
two to provide an increased bearing area for the boltss As a
rule, the plates are joined by a small number of dct;:ilé of large
diameter, say 13in., to allow the pair to act as a rigid body.
Of course, the space between the two plates inside the colum

i1s filled with concrete and it is the presence of this infilling
material which may allow the pair of plates to behave as one

thick plate whose overall thickness is equal to that of the gap

plus the sum of the plate thicknesses, This action could of

course be obtained by welding a plate to the baottom of the pair

but this solution may not be ideals It was decided therefars,

to make an exploratory test.



DOUBLE COLUMN PLATE ASSEMBLY

column beam
|
I | |
| mmearmm— e s s p— s e e d5h v W —
[ P B s v < 8 0 LFE——-—-—-A <
I I f,
gt
'; 4 : l.d:"
Horizarntal Section
;\/
O M ¢
</
0o (@)
s

Flaur‘e. 13.7




=150~

134342 Tests
Two sets of three 6in. cubes made from the same batch of

concrete were testeds  For the first test, CVIL, a 13in. strip
of bright steel of length 6in., was placed centrally on the top
face of a cube and the platen was then btrought down to bear on
the strip and loading was continued to fallure., For the
second test,CVI2, two 1/2in. square bright steel bars of length
6in, were placed parallel to each other symmetrically on either
side of the centre line of the top face of a cube so that they
were separated by a gap of 4in., The platen was brought down

and loading continued to failure.

13.3,3 Results
The results are given in Table 13,3 where P 1s the mean

failing load for three results,

TABLE 13.3
Test b4 G.Vo-
No. ton 2
CVIl L9.1 1.k
cvI2 L6.5 Le6

- 13.3.h Conclusions
Mthough these results are too few from which to draw any

general conclusions, it can be stated with a fair degree of

certainty that for a ratio of gap to total wldth of the combined
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plates of less than 1/5 a colum loaded through a pair of plates
would fail at approximately the same load as one in which a
single thick plate of the same overall thickness was used.

The presence of the concrete infilling that would exist in the
case of a column would reinfarce this conclusion, However,
more experimental results would have to be obtained from tests
on columns using other plate thicknesses and gap dimensions

before a complete analysis could be made.



CHAPTER 11y
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CHAPTER 1l

CONCLUSTONS

1.1 GENERAL CONCLUSIONS

The following is a summary of the main conclusions which
were reached as a result of the work that was carried out for

these investigations.

1. It was found that generally an approach to the problem of
loaded vertical plates in colums was not amenable to a
theoretical treatment based on an indealised stress analysis

and that 1t was necessary to rely on experimental data obtained
from a large programme of tests,

2. The effects associated with shrinkage of the concrete
surrounding a plate are of considerable importance and that 1if
these offects could be mitigated, either by using a stronger
mix, or one of a lower inherent shrinkage or by some other means,
a safer connexion wcﬁld be obtained, It should be added that
the age of the concrete is a factor in this connexion as a large
proportion of the total shrinkage takes place in the first month
after casting, consequently adequate curing is essential.

3. The effect of reinfarcement was found to delay somewhat the
first appearance of cracking and to marginally increase the
wltimate load that could be carried by the connexion, except

when a 1link was placed in contact with the lower edge of the
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plate when a considerable improvement in the bearing capacity

was obtained,

be The fact that the colum is loaded in compression in
advance of load being applied to a column plate does not
prejudice the ability of the connexion to take load,

5. The effects produced by loading a rectangular colurmn in
both axial planes can be regarded as being completely
independ?ﬁt.

6. A method of design suitable for connexions in which a
moment is applied to the plate has been found which in the
light of test results is somewhat conservative.

7« 4An experimental method for estimating the strength of a
symmetrically loaded connexion consisting of a cast in T -
section has been determined and also for estimating the
dimensions of the table of the T = section required for

optimum design,
8, The depth of a column plate is not a critical factor and

does not affect the ability of the concrete to take load.
Provided it is not smaller than the dimensions given in Chapter 7

it may be regarded as being rigid for all practical purposes.

9, It is necessary to ensure that for maximum efficiency

the lower edge of a plain column plate is horizontal and flat.

10, It has been shown that the relative load bearing capacity

of square columns is not constant for columns whose cross=-
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sectional areas are different being larger for a éin. square
colum than for a 10in. square ocne, Morecover the bearing
capacities of columns of the same cross-sectional area vary

as a function of the cube stirength of the concrete from which
the columns are made although this function is not the same for
columns of 10in. and 6in. square cross-sections, as equations
(10,1) and (10.2) indicate.

The fact that the smaller columns can sustain relatively
higher loads is considered to be at least partly due to the
tweakest 1link" theory which is based on the fact that there are
statistically a smaller number of flaws in a small mass of
concrete than in a larger mass vhatever the intrinsic strength
of the mix might be, other things being equal. This theory
was considered in greater detail in Chapter 7.

1}.2 SUGGESTIONS OF FURTHER WORK
It was clearly not possible in an investigation such as

this to provide definitive answers to all the problems assoclated
with the type of beam to colum connexion which has formed the

subject of this thesis but it was at least possible to ascertain

what were the major variables. Some of these were examined in

greater detail than others and it would therefore bo of some use
to suggest further work that might be carried out to complete

these investigations,

1. Whilst it is considered that the range of column sizes
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that were tested in the course of these investigations was
suitable for an initial test programme such as this was, it is

considered that the failing loads for different sizes of
‘columns, particularly greater than 10in. square, would have to

be investigated before the entire question of the effect of

size could be completely resolved, As far as sizes of columns

between 6in. square and 10in, square are concerned however the
problem should be dealt with by interpolating between the two

regressions given by equations (10.1) and (10.2). This is

considered to cover the majority of sizes of columns in which
this type of connexion would normally be uscds

2. Although a method was found for estimating the ultimate
loads of columns containing thicker plates than the ones tested,
and inverted T - sections, 1t would clearly be desireable to
obtain some results from tests using actual columns, if only

to provide confirmation of the method which has been established,
3. The question of a load factor against ultimate collapse

has not been taken up because it is felt that this is a matter
that must be left largely to the discretion of the designer.

It is felt that for purposes of design however, the results
presented in the main body of this work provide encugh guldance
to enable a rational estimate to be made,

4. It would be of considerable interest to investigate more

fully the moment carrying capacity of connexions consisting
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of plane plates, of inverted T = sections and I - sections.

It is true that a small number of tests using inverted

T -~ sections were performed by'Gifford(B)as was stated in
Chapter 1 but a far more extensive test programme than this
would be required to allow anything like a general treatment
for purposes of design,

5. The design of the beam plate has not been considered in
these investigations and although it is doubtful that it would
prosent serious problems, a limited investigation of an
experimental nature would be worthwhile in order that wmore
economical methods than have hitherto been used could be
established to obtain a minimum cost design, particularly with

regard to the area and thickness of plate and the amount of

welding,

6. The effect of using rapid hardening Portland cemen? in
relation to its effect on shrinkage should be examined,
particularly as this material is often used in the manufacture
of precast units, Besides having an increased strength at an
early age comparcd with ordinary Portland cement the effccts
of shrinkage, which have been shown to be mainly deleterious
to the strength of the connexion, may well be reduced although

this i1s not certain,
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DATA PREPARATION

The dndyt data for tho plene. franeuork problans consisted of

of the following entries:
Job number (integer);
number of element (integer);
number of nodes (integor);
number of loads applied (integer);
number of constraints and applicd displacements (integer)
exist control (real);
Young's modulus (real);
thickness (real);
Polsson's ratio (real);
x = dimension of element (real);
y - dimension of element (real);
grid references of each element with the elements in any
convenient order e.g.
SW; SE; NW3 NE;

non wom
position of constraints (integer);

(these are calculated as 3 times a node numbor

minus 2 for constraints in x-direction;
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minus 1 for constraints in y~-dircction;

minus O for constraints about z-axisj)

constraints (real); (these are in same order as positions)
load position (integer); (calculated like constraints)
load value (real);

next load position (integer);

load value (real);

etc

Example
Tlie analysis:of a rectangular plate, ! in. high by

8 in. long by % in. thick loaded by a uniform load of
100 1b/in. run, which rests on a plane, rough.surface
which effectively constrains the base will be used to

illustrate the method of data preparation. A 1l in.
square element will be used. As the loading and the
plate is symmetrical, only half the plate need be analysed.

(SGB Figo All.)
Poisson's ratio is 0.15 Young!s modulus is 5 x 10 1b/sq.in.

(in the actual input, the number 5 only would be used for
convenience), The spacing of the numbers is immaterial

but will be grouped as convenient.
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1; 16; 25; 53 23; 1.0 =123 5; 0.5; 0.15; 13 1;
13 25 6; T;
6: 73 113 123
133 123 165 173
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APPENDIX B

MATERIALS AND PROPIRTIES

B.1 CONCRETE
Mix 1. 1:2:4 w/c = 0,6
CourBe aggregates: crushed stone, 3/8in. down,
Fine aggregates: zone 2 sand.
Source: North Notts. Sand and Gravel Co. Ltd,
Age at test: 21 days comprising 19 days huaid curing
Plus 2 days drying out in the laboratory.
Mix 2, 1:1:2 w/c = 0,445
Other details as for mix I
Mix 3a, 1:13:3 w/c = 0.475
Coarsz aggregates:
Fine avgregates: as for mix le
Sourco:
Age at test: 28 days comprising 21 days humid curing
plus 7 days drying out in the laboratory.
Mix 3b, 1:13:3 w/c = 0.475
Coarse aggregates; crushed stone, 3/8in. down,
sieved free of dust,
Fine aggregates: zone 3 sand,
Source: Midland Gravel Co. Ltd.

Age at testy as for mix 3b.
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Mix he L22:l w/ec = 0,35

Coarse aggregates: rounded gravel, 80% @ 3/8ini

20% @ 3/16in.

Fine aggregates: ]

Source:

Age at test:
Mix 5. 1:1:5 w/c = 0,55 |
Mix 6a. 1:2:); w/c = 0.50
Mix 6b. L:2:} w/c = 0,55
Mix 6c. l:2:4 w/c = 0.60

Jas for mix 3a.

4, as for mix 3b,

The mixes used in each test are indicated in Table B.lg

TABLE B.1.
Mix o, Test No.
1 I, II, CIa, CIb
2 CIc
3a III
3b VRl-6, CIIIS
L IV, VAl-5, VI, VII, VIII,
cII-4, cII1I1,2,u,6,7,9, ¢iv, cv, cvi
5 VB7,8
6a CII5, CIII8
éb VB9-16, CII6,8
6c CII7
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B.2 STEEL

The diameter of each steel specimen was measured gt
four locations along the length, two measurements being
taken at right angles at each location, Four specimens

of each of the two sizes used were measured and tested to

failure in tension,

iin. dia.: average dia. = 0,252in.,

average value of E = 30,85 x 106

lb/SQi' irlo,
average maximum stress = 73 000 1b/sq « in.

#n, dia.: average dia., = 0,508in,,

average value of E = 30,10 x 106 1b/sqe« in.,

average maximum stress = 66 300 1b/sq. ine
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APPENDIX C
= e ]

STATISTICAL CALCULATIONS

C,1 TEST FOR SIGNIFICANCE OF THE DIFFERENCE OF MEANS OF

SCRIES ITIA AND IIIB

In order to find whether the difference between the mean

values of foffo obtained from the two sets of samples,
series IITA and IIIB given in Table 9,1 is significant it is
nccessary to use Bessel's correction becausce of the small
size of the samples,

The pooled estimate of the variance is found, on the
Mull Hypothesis that the two samples are drawn from populations
identical as to mean and variance,

qi and Bg are the sample variances of series IIIA and IIIB
respectively, As there were three results for each sample,

the corrected population variance is given by

s __.333+ss§=3x1866+3x_9@*
343 =2 3d 3 -2

= 2107.5000
where each value of fo/fo has been multiplied by 10%* for
convenience,
A~
Hence o = ,£107,5000 = 45,9075
The best estimate of the standard error for the difference

of the means of the two samples is given by
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Y PO
% = 3%3

37.4835

Now, the observed difference between the means is, from Table

it

9.1, 1188 - 885 = 303

hence Student's ¢ =-2§%f§§§% = 8,0835

Entering the t tables at 3 +3 -2 degrees of freedom, the
obaerved difference could have arisen by chance in less than
1 per cent of trials, hence the significance is showm to
exist,

C,2 10in, SQU..R:E COLUILT RuLSULTS

The regression (10,1) was calculated from the results
given in Table C,l,
It is cenvonicnt to put £, = X and £ =Y,
then Ix = 97 880

Ix/N = 8 898

(Zx/H)® = 79 177 639

(222)/N = 83 163 527

sz= 3 985 888

8, = 1 99
and Zy =9 776

Zy/N = 889

(zy/N)? = 789 836

(2y%)/n = 857 123
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67 287

[

= 2
ay 53

also Ixy/N = 8 326 055

Ix Iy _
T X 7 910 322

Now, the covariance for the x and y results is given by
~Ixy Iz Iy
covay = =& = = x g = 415 733
and the correlation coefficient r is given by

covxy
e = 3
XYy

Test for significance of r-
0,8053J11 -2 = L0461
/(1 - (0,8033)%)

Ertoring the t tables at 11 - 2 = 9 degrees of freedom,

= 0,8033

Student's t =

the value of t at the 1 per cent probability level is 3.25
so the value of r given above is significant,

Hence,

8
r x =+ (x - 8898) + 889
ax
0.1043x - 38 (10,1)

y

The 95 per cent confidence limits on y are given by, for

P (S (e ae))”

where t is found at the 5 per cent level for N = 2 degrees

of freedom, and b is the regresion coefficient given by

a
b=r><-;z
X



Now t = 2,26

82 - b2s®

and =t = 26€6
N -2
For X = 8898,
the 95 per cent confidence limits on Y are

+ 2,26/((2686)(1 + 0))
or * 117 1b/sq, in,
For X = 12 000 and 5796,
thr 95 per oont confidence limits on Y are
+ 2,26/((2686)(1 + 2.4142))

or ¢ 226,3 1b/sq, in.

TABLE C,1
Test ; £ r
No. P.s?i. p.S?i.

IIIAL 7160 622
IITA2 5870 551
IIIAS 5950 510

Vil 8420 | 1086

Va2 7790 672
VA3 | 11280 873
VAL 9530 885
VAS | 12050 | 1339

VIAL 10250 999
VIA2 | 110810 1075

VIAZ | 8770 | 1164
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C.3 6in,SOUARI} COLUMN RESULTS

The reogroession (10,2) was calculated from the results

given in Table C.2.
It is convenicent to put £, = X end £ =Y,
then Ix = 191 290

2x/N = 8 695

(2x/N)? = 75 610 928

(zx?)/N = 80 962 681

s2 = 5 349 969
8, = 2 313

and Zy= 32 670
Zy/N = 1 485
(zy/1)2 = 2 207 250
(2y®)/N = 2 254 035
a§ = 46 656
8y, = 216

also Ixy/N = 13 312 866

Ix Iy _
== x §- =12 912 075

and covxy = 415 733
r = 0,8022

Teat for significance of r:

Student's + = 02802222 = 2

/(T = (0.8022)")
Entering tho t tables at 22 = 2

U

6,0092

20 degrees of frecdon,

the value of t at the 1 per cont probability level is 2,84
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so the value of r given above is signifiicant,

Hence, B

y
r x = (x - 8695) + 185

X

0,0749x + 334 (10.2)

y

]

The 95 per cont confidence limits on y are given by, for

y = Y, the same expression that was used in seection C,2,

and - = 832

For X = 8 695

the 95 per cent confidence limits on Y are
2.09/((832)(1 + 0))

or * 60,31b/sq. in.

i+

For X = 12 000 and 5 390,

the 95 per cent confidence limits on Y are
2,09/((832)(1 + 0,2042))
66.191b/s5q. in,

i+

1+

or
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TaELE C.2
Test . |z
No, PeSele PeSels
VEL 9760 | 1394
VB2 9760 1505
VB3 8380 ! 1419
VBl 8380 1605
VBS 9240 | 175k
VB 9240 ; 1443
VB7 é6y50 | 11L5
vB8 | 6uso | 1219
VB9 7070 1530
VBE1O 7070 1431
VELl 5750 1493
VEL2 5750 1306
VEL3 11580 1219
VELL usgo i 946
VEL5 | 11260 1568
VEL6 | 11260 1730
VIB3 11300 1754
VIEL 11300 1754
VIB5S 10340 1605
VIBG 10340 1605
VIB? 11520 1456
VIBS8 11520 1804
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C.4 RESULTS OF SCRIES CII

The regression (12,1) was calculated from the results
given in Table 12,1,
Putting fo = X and fo =¥,
then Ix = 286 470

Ix/N = 8 184 where Il = 35

(x/N)2 = 66 977 856

(zx3)/N = 72 454 L8

8; = 5 476 592

8, ® 2 340
and Zy = 61 314

Zy/N = 1 751

(zy/M)? = 3 066 o001
(2y®)/N = 3 286 406
a; = 220 405
?y = 469

also Zxy/N= 15 423 755

-;’f-,-’-‘x-f-,x=14330184
hence covxy = 1 093 571

and r = 0,9955

hencag, s

y
y=rxge (x - 8184) + 1751
x
0.1996 + 117.5 (12.1)
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C.5 IZSULTS OF . t:i> III

The results given in Table 12.2 were averaged in tho

manner given below,
It is convenient to put f,, g/fc = %5

CITTI1 to CIIIL

Lx = 6.2590
2x/N = 0,4814 where N = 15,
(2x/N)®

(£x2)/N = 0,2319
V. = ‘/(0!2519 o 0023111 % 100 = 2.9;'.‘:,
0,481%

0,2317

hence C

CIII5
ix = 109380

Lx/N = 0,3876 where N = 5,
(zx/N)? = 0,1502
(zx®)/N = 0,1505

hence GV, = ¥42:2200 = 0,1502) . 444 - 4, .57

0.3876 '
CIII6 to CIII9
Ix = 5,6540
Ix/N = 0,3325 whore N = 17
(zx/N)? = 0,1105

(zx2)/N = 0,1111
/(0,1111 - 0,1105)
063325

1]

hence C,V, = X 100 = 6,7%
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