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PREFACE

This is a report of an investigation into the s-cresses in a 
reinforced concrete flat plate floor slab in the vicinity of an 
edge column. Five half-scale models were tested. Each comprised 
two complete panels at the edge of a building. The first model 
contained a floor beam and a spandrel beam. The second model con­
tained only a spandrel beam, and this was omitted in models 3, 4 
and 5. In the early models, steel strains were measured only in 
the region around the test column, but in later models more exten­
sive instrumentation was employed.

From the results expressions were derived which indicate the 
manner in which moment and shear are transferred between the slab 
and the column. The expressions show how much of the total panel 
moment is transferred in bending and how much in torsion in the 
spandrels. Other expressions indicate how the shear is divided 
among the three faces of the column. From the later tests some 
indication was obtained as to how the total panel static moment MQ 
is divided between the end moments and the mid-span moment. One 
of the main findings is that there can be very considerable re­
distribution of moments throughout the slab as loading progresses. 
In view of this, very detailed analysis of the slab during design 
seems unjustified. It is suggested that design rules much simpler 
than those used at present would be quite adequate.

Various subsidiary tests are described in the report.
The report itself comprises two volumes. Volume 1 contains 

a description of the apparatus, a description of the tests and a 
comprehensive summary of the test results. There is a discussion 
of these results and conclusions.

Volume 2 contains two appendices. Appendix A gives design 
details of the models while appendix B contains all the raw labor­
atory data - strain gauge readings etc. Volume 2 is not for gen­
eral circulation but will be supplied to interested readers on 
request.
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NOTATION

total area of longitudinal steel
area of the rectangle defined by the longitudinal
bars in the corners of the hoops
cross-sectional area of the bar from which the
hoops are made
width of spandrel beam
side dimensions of column (Fig. 6.1)
overall depth of spandrel beam
modulii of elasticity of concrete and steel,
respectively
compressive strength of concrete
yield strengths of longitudinal steel and hoop
steel, respectively
clear distance between the edge column and the
first interior column of the building
clear distance between the adjacent edge columns
of the building
smaller of I and £n i - n.2

total moment at the inner edge of the spandrel A 
(or spandrel B), and extending across the width of 
the test panel (Fig. 6.1) 
either or Jig, as appropriate
moments which occur within the beam strip and the 
slab strip, respectively
total moment at midspan, and extending across the 
width of the test panel 
total static moment = + Hg) +
bending moment in the spandrel
calculated yield moment per unit width of the slab 
spacing of hoops 
thickness of slab
twisting moment in the spandrel at the column face 
ultimate twisting moment in the spandrel at the 
column face
perimeter of the area Aq





(or Vg) = total shear force at the inner edge of spandrel A
(or spandrel B), and extending across the width
of the test panel (Fig. 6.1)

V = either V., or V_, as appropriateA  B
^BS' VSC = shears which occur within the beam strip and the

slab strip, respectively 
Vgp - shear force in the spandrel at the column face
Vu = ultimate shear force in the spandrel at the column

face
W = weight of the spandrel beam or strip, plus the live

load acting thereon 
xo» y q ~ width and depth, respectively, of the rectangle

making the area Aq 
Z = a parameter

= mb s / h

8 = VBS/V
X = effective width of slab parameter
<j> = strength reduction factor





Chapter 1

GENERAL BACKGROUND
1.1 THE PROBLEM

In monolithic buildings constructed of reinforced concrete, 
the transfer of forces between a floor and its supporting columns 
has given rise to a great deal of research. Where floor beams are 
present, the problem is now fairly well understood. Where beams 
are not used, many questions still remain. The term flat slabs is 
usually used for floors with a drop panel. This panel complicates 
the analysis but strengthens the critical region. In flat plates, 
the absence of a drop panel enhances the architectural value of 
the structure but weakens the critical region which is subjected 
to maximum moments and shears. At edge columns, where consider­
able unbalanced moment has to be transferred in addition to shear, 
the problem is worse than at an interior column.

In view of the serious nature of the problem, it is all the 
more unfortunate that the nature of the transfer mechanism is not 
well understood and knowledge of the forces involved is incomplete 
and confused.

1.2 CODES OF PRACTICE
First, we look briefly at the information offered by Codes 

of Practice.
The total shear to be transferred can be calculated with 

reasonable accuracy from the floor area tributary to the partic­
ular column. Although the bending moments have an influence on 
the distribution of shear, this effect is minor from a practical 
point of view.

The AC I Code 318-77 and AS1480 (1982) offer tvjo methods of 
estimating the total moment to be transferred: (i) The Equiv­
alent Frame Method, and (ii) The Direct Design Method. In the 
first method an elastic analysis is carried out on a two- 
dimensional frame which comprises a 'slice' of the real building 
one panel wide and centred on a line of columns. The calculation 
of member properties (stiffness values) for this analysis is spec­
ified with considerable precision. These are all based on overall 
dimensions and thus presumably apply to the uncracked state. On



the other hand these Codes give no guidance in regard to the cal­
culation of 'fixed-end moments' which constitute the major part 
of the final result.

The Direct Design Method specifies coefficients for slab 
moments. The method is quite specific and the validity of the 
coefficients can only be assessed against experimental values, 
which are scarce.

So much for the determination of the shear and moment to be 
transferred. There remains appropriate design for these forces.
The shear is transferred partly at the 'front' face of the column 
and partly at the spandrel faces. AS14 80 assumes that the shear 
on each face is proportional to the width of the face. However 
there is no experimental evidence for or against this assumption.

The unbalanced moment similarly has to be apportioned between 
the three faces. Here the Code embraces two methods which give 
widely different values. Specifically, an equation is quoted which
is based on very early work by Di Stasio and Van Buren (1960). Re­
search since then has indicated that this approach is not valid but 
it is still quoted in the Code. On the other hand, the Code makes 
use of the 'Equivalent Column' concept. This is based on work by
Corley and Jirsa (1970) and by adopting the end result of this work,
the Code presumably endorses the underlying arguments. These argu­
ments, however, lead to a value for the spandrel torsion which is
markedly different from that predicted by the Di Stasio and Van
Buren formula. Thus, although the Code requires that spandrels 
"shall be designed for such torsion as shall occur" it provides 
conflicting information as to how such torsion shall be calculated.

In summary, these Codes provide two alternative methods of 
calculating the shear and moment which have to be transferred bet­
ween a slab and an edge column. They specify that the slab (and 
spandrel beam if any) shall be suitably designed but only vague 
guidance as to how this shall be done.

The CEB Model Code (1978) in general makes similar recommend­
ations .



1.3 PREVIOUS RESEARCH
Kany studies, both theoretical and experimental, have been 

conducted into the question of transfer of shear and moment bet­
ween a flat plate and a column. The majority of these studies 
have been concerned with interior columns, where the symmetry of 
the structure, if not the loading somewhat simplifies the problem. 
The conditions at an edge or corner column are not only more dif- • 
ficult to investigate, but by their very nature are those that 
cause more concern to the designer. Some studies of edge columns 
have nevertheless been carried out.

The salient problems before the investigator can be summar­
ized as:
(a) when a total shear V and a total unbalanced moment M are to

be transferred between a slab and a column, how do the various 
faces of the slab-column joint (the 'front' face and the two 
spandrel faces) share in the transfer process? and

(b) what is the strength of each face, i.e. what is the ability 
of the slab at each face to resist the type of action to 
which it is subjected? This question involves a knowledge 
of the mechanism of failure.
All investigations both theoretical and experimental, includ­

ing the present one, deal not with the whole building, but with a 
localized portion in the vicinity of the joint under review. In 
relation to the first question above, the problem then arises that 
the manner of loading the localized model must be such as to ensure 
that the distribution of shear and moment to the various faces of 
the joint is the same as that in the complete building. The more 
localized the region selected for modelling, the less likely is 
this condition to be satisfied. On the other hand, larger regions 
may require smaller scale models, and scale effects may then be­
come a problem.

In regard to the second question referred to above, that of 
determining the slab resistance at the various sides, the question 
of localized modelling may not appear to present such difficulties. 
However, the findings of the present investigation will show (see 
Chapter 7) that certain deformational restraints offered by the



surrounding building have an effect of several hundred per cent 
on the failure strength of the slab element in torsion. The pos­
sibility of this has been recognized in the ACI-ASCE Committee 426 
report (19 74) but in fact the extent of the models in previous re­
search is such that the restraining effect was probably absent.

In view of these observations it is not intended here to 
examine other research programmes in detail but some general com­
ments will be made. The value of the contributions made by these 
researches is fully acknowledged but it is nevertheless relevant
to point out some shortcomings.

In regard to theoretical studies, the assumption of a straight 
line shear stress variation as a basis in the early work of Di 
Stasio and Van Buren (1960) and of Moe (1961) reflects a miscon­
ception of the action of torsion which was commonly held in those 
days. It was then thought that torsion was transmitted through a 
beam by some field of shear stresses on the cross-section. This 
idea was carried over to torsion effects in a slab, although the 
shear stress field adopted in the work quoted is unrealistically 
simple. It is now known that any shear stress field such as oc­
curs in St. Venant torsion in homogeneous materials exists in 
reinforced concrete beams only at very low loads. Beyond cracking, 
the mechanism of torsion transfer is completely different. These 
early theories must therefore be abandoned in the same way that the 
early torsion theories have been superseded.

The use of an elastic theory of plates by Mast (1970) and 
Long (19 73) to examine the distribution of the forces between the 
various faces of the slab-coluron joint could quite possibly yield 
results which are valid in the uncracked structure. Results will 
show (see Chapter 7) that there is a considerable redistribution 
after cracking.

More recently beam analogy theories have been advanced by 
Hawkins and Corley (1971) and by Islam and Park (1976). These 
theories are concerned with strength aspects on the different 
faces rather than with the distribution of the transferred forces 
between the faces. The theory originally proposed by Hawkins and 
Corley (1971) considered the joint in terms of individual beams 
framing into the column on the four or three sides for interior



and edge joints respectively, Expressions for the strength of 
each of these beam elements m  shear-torsion or shear-noment as 
appropriate were deve XG p GUt _L 'C W ci s nhen assumed that failure oc­
curs when these ultimate capacities are realised on two {for an 
edge column) adjacent beam sections.

A drawback to this proposal was that it resulted in a large 
number of equations which made its application difficult in prac­
tice. Islam and Park (197 6) used a similar approach but; made 
certain simplifying assumptions which rendered the results some­
what more readily applicable.

Basically these beam ana.logy theories are attractive, and in 
concept they are supported by the present investigation, It is 
not surprising that in developin': expressions for the strength of 
the slab, the influence of slab restraint on the shear-torsion 
capacity of the spandrel elements was not taken into account in 
the works quoted, although this would considerably modify the 
result. In corresponding experimental work (Hawkins and Ilitchell 
(1979) and Hawkins (1979)) the extent of the models also caused 
the elimination of the in-plane restraining forces ar.d :~hus the 
experiments appeared to confirm the theory.

More doubtful is tne assumption that re-distribution of the 
shears and moments is possible between beam elements and that the 
strength capacities of two adjacent elements may be added to pre­
dict the joint capacity. Upon cracking, re-distrib.tion does take 
place of course. However, the above assumption assumes in effect 
considerable ductility in the various elements. It is a typical 
plastic collapse assumption, and night well be applied where bend­
ing moments are concerned. Shear failures are notoriously brittle 
and the assumption of a re-distribution of forces which would per­
mit the addition of the strengths of the various elements seems 
hardly applicable.

These are criticisms of detail.- The general model of failure 
represented by these theories is much easier to accent than pre­
vious proposals.

Experimental studies by Hansen and Hansen (1963), by Eawkins 
(19 79), by Stamenkovbc and Chapman {19 74} and by Kanr.b and Yosh i z a 1 
(1979), were carried ou; on models which consisted of a single col­
umn together with an adjacent area of slab. Such models would



6 .

provide no guarantee that the distribution of forces between the 
faces corresponded to that in the complete structure. In-plane 
forces would also be largely absent in such models.

The models used by Long, Cleland and Kirk (1978) contained 2 
columns, an edge column and a first interior column, together with 
a slab of one panel width centred about the column line and extend­
ing 1-2 bays onward from the edge of the building. These more ex­
tensive models may have given a superior result in regard to the 
force distribution around the edge column. Lack of restraint 
parallel to the edge would almost certainly have resulted in a low 
prediction of strength.

Islam and Park (1976) carried out tests to determine the ef­
ficiency of various types of shear reinforcement. These were 
employed on interior columns but their tests are of interest in 
that the results are consistent with the findings of the present 
investigation. It will be shown in Chapter 7 that failure at an 
edge column is essentially a torsion-shear failure. In view of 
this it is not surprising that Islam and Park found that closed 
stirrups are the most efficient form of shear reinforcement (when 
compared, to bent-up bars and shear heads) as far as the strength 
and the ductility of slab-column connections are concerned. These 
findings in themselves are a clear indication of torsion failure.

Mention must also be made of previous research carried out at 
the University of New South Wales by Faulkes et al (1973), Fraser 
(1974), French et al (1975) and Fraser (1976). Some of this work 
was aimed at (i) acquiring a general understanding of the problems 
involved in flat plate floor design, (ii) developing methods of 
analysis quite distinct from those in use at present, and (iii) 
examining carry-over effects, i.e. the influence of loads on the 
slab moments at locations remote from their point of application. 
This last item was of particular importance in the design of the 
present tests.



Chapter 2

OBJECTIVES OF THE RESEARCH

Having regard to the above background, certain objectives 
v/ere enumerated before the research was coirnenced. The majority 
of these objectives were concerned with the behaviour of the 
structure under uniformly distributed vertical loading.
(a) Of the total shear transferred between a flat plate and an 

edge column, what proportion acts at the 'front' face, and how 
much on the two spandrel faces?

(b) Similarly, of the total moment, how much is transmitted by 
direct bending and how much by torsion on the spandrel faces?
It was not originally intended to check whether the value of 
the total moment given by either of the Code methods is valid, 
although it was necessary that the distribution of the moments 
between the faces should be correctly modelled.

(c) How are the shears and moments on the various faces transmitted 
to the column, i.e. what is the mechanism of transfer?
If these questions could be answered, a reasonably clear pic­

ture would result of the stress conditions on each of the three 
faces of the edge column. In view of these objectives, attention 
was focused initially on the region of the floor in the immediate 
neighbourhood of a typical edge column, which will be referred to 
in this report as the test column or column Clearly, it was
necessary to provide boundary conditions to the test specimen such 
that the distribution of internal actions in the model approximated 
closely to those which would occur if the whole building were in­
volved .

This problem of boundary conditions will be discussed m  
Chapter 3. As a result of such considerations it was eventually 
considered necessary to include the whole of the floor panel on 
each side of the column. The nodel was oriented so that the east­
ern edge represented the edge of the building (Fig. 2.1) The 
model thus extended as far as the columns C and D to the south and 
north of column A and as far as the first interior columns (columns 
F, B and L). The area enclosed by the dashed line in Fig. 2.1 was 
regarded as the test area, the function of the remainder being to 
provide adequate boundary conditions.



8 .

As testing proceeded it wa-' realised that because the model 
vas nore extensive than originally tlanned it was possible to ob­
tain additional information. i cnce, in sere of the later node Is 
other objectives were included,,

p a r t  of /  V .
bu i l d ing  x ____

not i n c l u d e ^  p | ^
in the model,  | N

D
edge of 

J bui lding

t e s t  a r e a

lV _  t e s t  column

H -

/ /
Fig. 2.1 Mode l  s e l e c t e d  for  I n v e s t i g a t i o n .

(d) To measure the total mid-span moment, Mr,f nidvray between 
columns A and B.

(e) To measure the total end moment, ?I , transferred to column B 
by the floor panel AB.

(f) ITith the values obtained from, (b) , (d) and (e) , to investig­
ate the whole distribution of the total static moment II .o

(g) To determine joint stiffness values and carry-over factors 
for the uncracked and the cracked structure by applying a 
couple to 'joint' A and measuring the rotation of A and the 
reactive moment at I:.



Chapter 3

DESIGN OF THE TESTS

The study of work done by other people on related problems 
served to emphasize the importance of providing realistic boundary 
conditions. If a small region of the real building could be model­
led, the size of the model could be relatively large - even full 
size.

The smallest feasible region would be that portion of the 
floor extending from the test column to a perimeter defined by the 
line of contraflexure. Some tests have used such a model. The 
downward loads on such a model are the distributed load on the 
floor segment itself and the shear along the contraflexure line.
A difficulty arises in the determination of the distribution of 
the shear, which represents in effect the load coning in from the 
region outside the model. Such a determination partly presumes 
the results of the investigation. Moreover, the application of 
the shears so calculated would be experimentally difficult. An 
even more serious objection is that the position of the contra­
flexure line in the real floor shifts during the course of loading 
and cracking. Thus to arbitrarily keep the position constant would 
largely nullify the tests.

A slightly larger model which was considered, extended to the 
mid-span lines shown dashed in Fig. 2.1. The northern and southern 
boundaries of such a model would have zero slope by symmetry. The 
experimental provision of zero slope is difficult although it has 
been attempted by Long et al (1978). Because we are investigating 
an edge panel, symmetry is absent in the other direction. Hence 
the western boundary of such a model could not be located; and 
probably this boundary is the most significant.

It was therefore decided that the model should extend to the 
line of columns surrounding the test column, i.e. to columns C E 
B F D in Fig. 2.1. Computer investigations by Fraser (19 74) have 
shown that, in the elastic range, loads applied to the panels out­
side this region have little influence on actions around column A. 
It is reasonable to assume that after cracking the effects would 
be even less. Along the artificial boundaries of the v̂ odel, i.e. 
the northern, western and southern boundaries, some stiffening



v/ould be provided to simulate in part the stiffness which in the 
real building would be provided by the adjacent panels. It was 
not possible to simulate both the torsional and flexural stiff­
ness. Finally, it was decided that if possible tests would be 
carried out to check that the boundary conditions were adequate.
In fact, as will be described later, moments and shears were ap­
plied to the boundaries of some models and it was shown that the 
influence of these at column A was small.

With two complete panels of a building included in the model, 
it was not possible to have a full scale representation. The 
overall dimensions of the model were determined as 3800 x 5700 mm. 
These dimensions depended mainly on the removal of the model from 
the test rig after testing. The models would thus be approximate­
ly half the size of a normal building. However, in designing the 
models the small (half-size) building was designed directly ac­
cording to Code rules. The two-panel region of the building so 
designed was then taken to be the model, the artificial boundaries 
being slightly modified as mentioned above and as discussed more 
fully in Chapter 6.

The model floor was to be supported by six concrete columns 
built integral with the floor slab. The height of these stub 
columns will be discussed in Chapter 6. The complete model there­
fore had the appearance of a six-legged table.

Although the research was concerned primarily with flat plates 
we had doubts about the possibility of measuring twisting moments 
and shears in the various strips of slab, especially the spandrel 
strip. V:e therefore decided to commence with a model .containing 
beams, as we considered that the measurement of internal actions 
in beams would be rather easier. The comparison of behaviour of 
a floor containing beams with one without beams would also be of 
value.

The first model contained a spandrel beam and a floor beam 
running from column A to column B. The second model was similar 
but without the floor beam. This was a fairly typical flat plate
floor, which is usually designed with a spandrel beam. The third
model had no spandrel bear-. Decisions about subsequent models 
were made after the first three had been made and tested. In fact



the fourth and fifth models were similar in shape to the third (no 
beams). The fifth, and last, model had a wider column at A in 
order to investigate the effect of the width, c2, on the variables 
being measured. More details of the individual models will be 
given in Chapter 6.

Clearly the strongest model would be the first, with the 
beams. This would enable the capacity of the testing frame to be 
checked. It would also provide a test for the numerous instrument 
ation techniques some of which were of a novel nature. If neces­
sary, these could be modified before the later, more significant, 
tests were undertaken.

Each model was to be tested by applying uniformly distributed 
load, simulated by 16 point loads on each panel. The quantities 
discussed in Chapter 2 were to be measured for a series of loads. 
In particular, attention would be paid to the change in behaviour 
and in the distribution of the stress field as cracking progressed

It was also intended to apply a couple to joint A (junction 
of the slab with column A) and measure the corresponding rotation. 
Tests of the boundary conditions were to be made if possible by 
applying moments to the artificial boundaries.



Chapter 4

EQUIPMENT AND INSTRUMENTATION

4.1 THE REACTION FRAME
The models were built and tested on the Department's strong 

floor. The first necessity was the design and construction of a 
reaction frame. The frame comprised two portal frames, one 
centred over each panel of the model, and braced together for 
stability (Fig. 4.1).

Each portal carried a single hydraulic jack centred over the 
floor panel. The load from this jack was distributed equally to 
sixteen pressure points on the slab. It was intended initially 
to design the floors for a live load of 4 kN/m2. The dead load 
of a floor was estimated as 2.4 kN/m2. Hence at design ultimate 
load it would be necessary to apply a load of 1.8 wL + 0.5 Wp =
8.4 kN/m2 to the ’structure. Each panel was approximately 10 m2 
in area, so a jack force of about 84 kN was called for in order 
to reach design ultimate load. However, in a highly redundant 
structure such as a floor, the collapse load is certain to be 
higher than the design ultimate load. For this reason it was 
decided to use a 2 00 kN jack on each slab. This provided a margin 
of almost 2.5 times the ultimate load for which the model would be 
designed according to the Code.

Each portal was designed so that the height of the cross-beam 
could be varied, the maximum height being governed by the overhead 
crane.

The feet of each portal were held down by the. bolts of the 
strong floor. The anchorage attachment (see Fig. 4.2) was designed 
in such a way that the two portals could be moved further apart or 
nearer together in case it should be found necessary to vary the 
dimensions of the models. In fact this facility was not used.
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4.2 SUPPORT PEDESTALS

In order to provide ease of access to the underside of the 
model it was decided to sit the model up on six pedestals, one 
for each of the peripheral model stub columns. The pedestal for 
the test column, A, will be described in Section 4.4. The other 
five pedestals were simple concrete cylinders 500 mm diameter and 
1050 mm high. This height together with the stub columns would 
enable people to stand beneath the model floor. A greater height 
would have created problems with the top of the reaction frame 
fouling the overhead crane.

It was necessary to tie the tops of the pedestals together 
in order to resist the outward horizontal thrusts from the model 
columns. It was an essential boundary condition that no relative 
horizontal movement should take place between the feet of the 
model columns. The column shears were therefore estimated and the 
ties between the pedestals were made large enough to resist these 
forces without appreciable extension. The steel ties were 
50 x 20 mm cross-section.

4.3 BALL SUPPORTS
Each of the model stub columns was terminated at what was 

considered to be a contraflexure point in the real building. They 
were therefore provided with a moment-free support. The five sup­
ports other than at column A were remote from the test area, and 
these columns were therefore provided with simple ball supports in 
spherical seats (see Figs. 4.3 and 4.4). It was recognized that 
with the loads involved - perhaps 4 0 kN at the corner columns - 
friction on the balls could generate some moment, but it was con­
sidered that at these remote locations these moments would have 
little effect on the stresses at A.
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..he bails were 35 r:r f.ianeter. The upper spherical seats 
were welded to the steel base plates of the model columns. The 
lower spherical seats were welded to plates cast into the ped­
estals. It '-.'as necessary to provide for the horizontal thrust 
from the stub colurans. The same thrust also called for extra 
deep spherical seats, since it was calculated that otherwise the 
balls might jump from the seats.

4.4 ROCKER SUPPORTS AT COLUMN A
The provision of a moment free support at column A presented 

a much more serious problem. It was intended to measure the x, y, 
z components of force at the support of column A and to use these 
values to compute the bending moment at the top of the column and 
the total shear around the column periphery. The presence of any 
un-measured moment at the support would invalidate the whole ex­
periment. The boundary condition itself also called for a moment 
free support. Even if any frictional moment at the support could 
be measured, a different moment at different load levels would 
correspond to a changing boundary condition.

Support mechanisms used by other investigators were studied, 
but it was decided not to use any of these. Instead, rockers 
were used rather than a ball to eliminate moment. To the base 
plate of column A a steel boss was fixed (Fig. 4.5) in which were 
five indentations. In these indentations rested five rocker arms 
with pointed ends, four in the horizontal plane and one vertically 
downward (Fig. 4.6). The remote ends of these rocker arms rested 
against similar seatings which were rigidly attached to an immov­
able pedestal (Figs. 4.7, 4.8).

The steel boss was screwed into the column base plate so that 
it could be recovered after the test and re-used.

The four horizontal rockers in the north, east, south and 
west directions were 2 30 mm long and. 25 mm diameter. The vertical 
rocker was 8 60 rim long and 55 nm diameter. The ends of these rock­
ers were not pointed but were rounded off to spherical ends about 
8 mm diameter. This was much si, aller than the diameter of the in­
dentations in the boss so that at small loads, the boss was sup­
ported on 5 point supports. The crushing which would occur at
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higher loads might perip.it some moment to be generated but it was 
estimated that the magnitude would be acceptably small.

The support pedestal had to be designed to accept the react­
ions from the five rocker arms. It was a hollow rectangular box 
with openings at the sides to permit access to the lower end of 
the vertical rocker. A steel frame was cast integral with the 
top of the pedestal and this frame supported the horizontal rocker 
arms. The emphasis here was on rigidity rather than strength. It 
was important that the supports of the rockers, particularly the E 
and 11 rockers, should not move relative to one another or to the 
other pedestal supports. The N and S rockers were less critical 
since, by the symmetry of the model the forces in these should be 
close to zero. The rocker seatings attached to the pedestal were 
all screwed to allow adjustment. Thus the horizontal rockers 
could be made finger tight or they could be given a pre-deterrr.ined 
compressive force if desired.

Each rocker had strain gauges attached to it so that during 
a test its compressive force could be directly measured. The 
rockers became known as load cells and will be referred to as 
load cells hereafter and in the results. The output from these 
load cells were measured by a Peekel multichannel strain measur­
ing instrument. The vertical load cell gave directly the vertical 
column force at A. The difference between the E and TJ load cells 
gave the E-77 shear in the column. The difference between the N 
and S cells gave the N-S shear and this was always very close to 
zero.

The support worked excellently. Forces at the column A sup­
port were easy t~> measure. There was sone evidence of the accur­
acy in the good agreement in those cases where cross-checks were 
possible with other measurements.

The form of the support also made it simple to perform stiff­
ness tests wherein it was required to apply a moment to joint A. 
For this purpose the load cell (for example) could be slackened 
off and a pre-selected force applied from the east b*1 tightening 
up the support seating of the E load cell. The application of the 
required moment occupied only a few seconds.
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4.5 LOAD DISTRIBUTION SYSTE '
Each panel of the nodel was loaded basically by a single 

200 kN hydraulic jack. To simulate uniformly distributed loading, 
the load from this jack had to be distributed, through a series of 
simply supported beams to 16 regularly spaced loading pads.

The general assembly is shown in Fig.. 4.9. All the beams 
were fabricated from steel box sections. The top beam, 254 mm x 
152 mm and wall thickness 9.5 ran, carried a spherical seating to 
receive the jack load. This was supported by two beams 203 rnm x 
102 mm and wall thickness 9.5 ram. These again were supported by 
four beams 12 7 mm x 76 mm, wall thickness 6.3 nun, and finally 
there were eight beams 12 7 r® x 51 ram and wall thickness 4.9 mm.

All the support points consisted of knife edge supports 
(Fig. 4.10). It was considered that the length of the knife edge 
supports might provide insufficient stability when the system was 
under heavy load especially as the deflection of the slab would 
lead to some tilting of the system. On the other hand, any de­
vices which inhibited freedom of articulation at the supports, 
while aiding stability would tend to destroy the simply supported 
nature of the assembly and might thus lead to non-uniform distrib­
ution at the final load points. As a compromise, each end of each 
beam was embraced between two vertical fins welded to the beam 
below. There was a small gap between the fins and the beam they 
embraced, the gap being filled with foan rubber (Fig. 4.9). The 
beam could thus tilt slightly, the resistance of the foam rubber 
being negligible. If the tilt became appreciable, the beam would 
be firmly resisted by the fins. No difficulty was experienced 
with the system until near the end of the last test.

The lowest eight beams were supported on the test slab through 
special pads (Fig. 4.11a). It was necessary to spread the load 
slightly at each support to avoid the possibility of punching 
shear. Also a small inclination of the under side of the pad, due 
to the slope of the floor slab under load, had to be accommodated.

The pads were manufacturer by Dctmar Products Ltd., Sydney, 
specially for this purpose. Some details of the 100 mm x 100 mm 
pad are shown in Fig. 4.11b. The special plastic plate and the 
teflon coating allowed some relative movement between the concrete 
slab and the loading beam.
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4.6 MEASUREMENT OF STRAINS IN REINFORCEMENT
A primary objective was to determine, for any given load, 

the total negative moment, J'A , at the face of column A across a 
complete panel width between the centrelines of the panels on 
each side of A. The distribution of this moment was also quite 
important. The total moment could be obtained from the forces at 
the base of column A, which would be measured by the load cells. 
The distribution of this moment called for strain gauges on all 
the top reinforcement entering the face of the spandrel within 
the test region.

If the distribution of this moment MA could be measured 
fairly accurately, then the portion of MA entering the column on 
the western (or inner) face directly as bending moment would be 
known, and the remainder would represent the twisting moments in 
the spandrels.

It was decided also to strain gauge the longitudinal steel 
in the spandrels at several points. Interpretation of these 
strains would be obscured by the fact that the spandrel carried
a combination of bending, torsion and shear. It was hoped that
previous and continuing research on the torsion problem might 
assist.

The total shear around column A would be given directly by 
the vertical load cell at the base of column A. The determination 
of how this was distributed between the western face and the two 
spandrel faces presented a serious difficulty. Strains at several 
locations along the east-west reinforcement opposite column A were 
taken. It was thought that this might lead to a bending moment 
diagram along the floor beam AB of model 1 which, by different­
iation, would lead to the shear force in this beam. Rather sur­
prisingly, the accuracy of measurement proved sufficient for this 
purpose.

The planning just described led to the strain gauge layout 
for model 1 which contained a spandrel beam and a floor beam along 
the line AE. Analysis of the results of the first test indicated 
the desirability of measuring the total mid-span moment, Mjn, and 
its transverse distribution. This was done in model 2 by gauges 
on the bottom steel at mid-span.



Further minor modifications became desirable as the tests 
progressed. A description of these changes for each model is 
given in Chapter 6 and complete details of the location of every 
strain gauge for each model are given in Appendix A.

In effect, the strain gauges on the reinforcement, together 
v/ith the load cells at the base of column A, provided information 
about the internal actions within the structure.

The strain gauges had a resistance of 120 ohms and a gauge
length of 20 mn. The outputs of eighty of the strain gauges were
measured by a Hewlett-Packard Data Aquisition System (Model 3052A), 
see Fig. 4.12. The outputs from the remaining gauges were measured 
by a manually operated Fluggenberger Bridge through a switch box.
The E.P. Scanner (Model 3495A) had a switching time of less than 
10 milli seconds. The H.P. data-logger was operated by a Calcul­
ator (9 82 5A) which was programmed to scan the gauges, subtract 
initial readings, and print the actual strains on paper tape for 
each load stage.

4.7 MEASUREMENT OF DEFORMATIONS
In addition to measuring the internal actions it was decided

that certain deformations should be monitored. The principal de­
formations were the slopes and twists along the spandrel beam. It ' 
was hoped that these might be related to the twisting and bending 
moments in the spandrels. It was decided also to measure slopes 
along the floor beam AB (twists would be zero by symmetry) and the 
deflections at salient points of the slab panels were also measured. 
These deflections would be correlated v/ith various theories which 
have been proposed for the calculation of slab deflections.

4 . 7 . 1  L a s e r  B e a m

Various methods were considered for the measurement of ang­
ular rotations. One of these was the use of a laser beam. Along 
the spandrel it was necessary to measure both slopes and twists.
It was therefore decided to mount the laser vertically at the re­
quired station. The light bear was intercepted by graph paper 
mounted horizontally about 2 m above the model (Fig. 4.13). By 
reading the x and y displacements of the light spot on the graph
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paper, both the angle of twist and the slope could be calculated. 
The laser was mounted in such a way that the axis of the light 
ray passed through the axis of the spandrel beam. In this way 
the vertical deflection of the spandrel under load would not 
affect the readings.

It was decided to measure rotations at column A as well as 
three points along spandrel AC (south), three points along span­
drel AD (north) and three points along the floor beam AB (west), 
making 10 stations altogether. It was too expensive to employ 10 
separate lasers, particularly as the effectiveness of the method 
was not known. Kence one laser was mounted successively at each 
of the 10 stations. That is to say, at each load stage during 
the test, the laser beam was mounted first at station 1 and the 
x and y positions of the light spot recorded. The laser was then 
moved to station 2 and so on.

It was essential that the mounting of the laser should be 
exactly reproducible. For instance, if the laser should be de­
mounted from a given station and then replaced at the same station 
then, provided no model deformations had occurred in the meantime, 
it was essential that the light beam should return to exactly the 
same position as before. This was achieved by attaching a slightly 
tapered socket to the laser (Fig. 4.14). This fitted over corres­
pondingly tapered mandrel at the 10 measuring stations (Fig. 4.15). 
In case the light beam, was not co-axial with the laser housing, a 
small pin on the male fitting engaged with a slot in the female 
fitting to ensure that the laser housing returned to the same 
orientation. Before the testing of the first model, numerous 
checks were made and these proved that the errors involved in re­
mounting the laser were insignificant compared with anticipated 
movements due to model deformation.

Some difficulty was experienced in concentrating the laser 
beam sufficiently so that the light spot on the graph paper could 
be accurately read. Eventually, readings correct to about 0.5 mm 
were obtained. r’ith the graph paper at 2 r; from the model, this 
represented a possible angular error of 0.5/2000 = 2.5 x 10~ 
radian.
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Although the laser method of measurement was quite accurate 
it proved to be unnecessarily time consuming and was therefore
used only on the first model.

4.7.2 Dial Gauges for Slopes and Twists

As an alternative to the laser method, angular deformations 
along the spandrel were also measured by means of dial gauges.
At intervals of approximately 4 50 mm along the spandrel a piece
of 25 x 25 x 3 angle was attached vertically to the face of the
model so that it projected above and below the spandrel beam 
(Fig. 4.16). Bearing against each angle were four dial gauges.
One at the top and one at the bottom were oriented in an east- 
west direction to measure the angle of twist. One at the top and 
one at the bottom were oriented north-south to measure the slope. 
The dial gauges were attached by magnetic bases to a rigid steel 
framework mounted on the strong floor and independent of the model.

In models 1 and 2 the angles were attached to the spandrel 
beam by araldite. In later models an 8 mm bolt was cast into the 
concrete at each measuring station. The angles could then be 
bolted on to the model after the formwork was stripped. Both 
methods were quite satisfactory but bolting was simpler.

There were seven measuring stations, one at column A and 
three each side - hence 28 dial gauges. It was found that the 
accuracy provided by these gauges was more than was necessary.
The reading of these gauges was both quicker and less complicated 
than the use of the laser. In consequence the laser method was 
discontinued after the first model. Although it would have been 
possible to measure slopes alone the line AB it was decided that 
this was unnecessary.

4.7.3 Dial Gauges for Deflections

In addition to the gauges mentioned in A.1.2, other gauges 
were mounted below the model for measuring vertical deflections 
under load. In model 1 only two such cauges were user7, one under 
the centre of each panel of the model. In later models a greater 
number were employed so that more information could be obtained 
about the general pattern of deflections. The number and location 
of these gauges for each model are all recorded in Appendix A.
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Chapter 5
CONSTRUCTION AND TESTING - GENERAL

5.1 FORITiJORK
The formwork (Fig. 5.1) was constructed from 18 mm resin- 

bonded plywood. In general this was fabricated in such a way 
that it could be re-used. It was supported on steel Acrow props 
and extendable beams.

To resist the outward pressure of the wet concrete the 
slab formwork was surrounded by 100 x 50 x 4 mm steel channels. 
Similarly the column forms were strapped near the base by 
50 x 50 x 4 mm steel angles (Fig. 5.2).

To achieve the desired accuracy - especially in regard to 
the depth of the slab it was found necessary to tie the slab 
fornwork down to the supporting beams. ?Then the f ormwork was in 
place levels were taken round the outside of the formwork and ad­
justments were made until the outer wall was level to within 1 mm. 
This governed the top surface of the concrete. Levels were then 
taken on the slab soffit formwork to ensure that this was 100 mn 
lower than the upper surface. Adjustments were made by wedging 
from below. It was here that the tying down became necessary.

5.2 COLUMN BASES
The base of each column was formed by an 18 mm thick steel 

plate. To the upper side of this plate the main column bars were 
welded (Fig. 5.3). To the lower face was attached the spherical 
seat (Fig. 5.4). The spherical seat was first bolted to the base 
plate through slotted holes to permit minor adjustment. After 
adjustments had been made the seating was tack welded. The tack 
welding could later be cut and the bolts removed so that the seat­
ing could be re-used. New base plates were cut for each model.

Four lugs tack welded to the base plate supported the timber 
column forr.iwcrk and simplified the formwork assembly.

At column A, instead of a spherical seatinc a steel boss was 
attached to the underside of the base plate. This boss had five 
indentations into which rested rocker arms as described in Section 
4.4. The boss was screwed into the base plate and precautions 
were taken to prevent unscrewing during the test. In models 4 and
5, column r- also had a base plate similar to the one at A.
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5.3 ATTACHMENT OF STRAIN GAUGES
The strain gauges were attached to the surface of the rein­

forcing bars using the following procedure: The bar surface was
first cleared, lightly sand-papered and then washed with acetone.
A cyanoacrylate adhesive brand-named 'Alteco-Ace' was used to fix 
the strain gauge on the clean bar surface. Special terminals 
were also attached using the same adhesive near each strain gauge. 
The leads from the strain gauge were attached to the special term­
inals which in turn were connected to shielded lead wires. The 
entire region containing the strain gauge and the terminals was 
moisture-proofed using one coat of polyurethane called ’M-Coat’ 
and one layer of araldite epoxy. The above procedure was highly 
successful and less than five per cent of the gauges installed 
failed.

In the first model, the shielded wire leads from the strain 
gauges were taken out vertically through the upper surface of the 
slab. This caused a minimum of weakening of the slab by virtue 
of the wires buried in the concrete. On the other hand great 
care was needed to see that the leads did not emerge from the 
slab surface where a loading pad was to be situated. It was found 
during testing that the leads interfered with walking about on the 
slab.

In the second model the leads were taken out through the edge 
of the slab. This resulted in a considerable length of wire being 
buried in the concrete. Also the leads emerged from the slab at 
rather widely scattered locations.

In the remaining models the leads were taken out through the 
soffit of the slab. This was found to be the most satisfactory 
method.

Before the concrete was cast, the position of each strain 
gauge was measured and recorded with reference to a three- 
dimensional system of co-ordinate axes (see Chapter 6).

5.4 CASTING AND CURING
Coinmercial ready-mixed concrete of specified strength was 

used for each model. One of the top beans of the testing frame





had to be removed to allow access for the dump bucket to the cen­
tral part of the model.

5.5 CONNECTION OF LEADS TO STRAIN MEASURING EQUIPMENT
After the formwork had been stripped, the strain gauges were 

checked by means of a multi-meter. The leads were then connected 
to the measuring equipment. This connection presented a number 
of problems which were solved sequentially in the earlier models. 
Only by Model 4 was a really satisfactory system developed. It 
will therefore be worthwhile to discuss this in some detail.

The majority of the problems encountered could be associated 
with the connecting mediura that serves to channel measured data 
through the loop consisting of the measuring instruments - strain 
gauges - and back to the data acquisition system. Since the in­
strumentation is very sensitive, and the actual measured signals 
are small in magnitude, it is most important that the electrical 
impulses representing experimental data will be free from any in­
terference, internal or external. This necessitated the introduct­
ion of a simple, but reliable system for connection which also had 
the following characteristics:
(a) Ease of gauge identification.
(b) Simple grounding of wires and instruments.
(c) Reliable way of checking for breaks or short circuits in the 

loops.
(d) Easy variation of gauge to measuring channel connection if 

required.
(e) An arrangement of wires capable of carrying a large volume of 

information.
(f) A re-usable and quickly erected set up.

The experience gained from the first three models showed that 
using a single wire from each gauge to the instrumentation led to 
confused maze of wires, making it difficult, if not impossible to 
'debug' any faults. As was previously irentioned, the grounding of 
the wires is of great significance and it was very difficult to 
achieve good grounding with such a large number of connectors. An­
other probler was the tirce required for the setting up of the final 
connection of the wires to the instrumentation; especially when
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the monitoring equipment was not generally available until just 
prior to the commencement of the experiment. It is worth mention­
ing that after each of the early experiments considerable quantit­
ies of wire were lost and wasted due to the untangling of over 100 
wires.

The solution to these problems was found by creating a perm­
anent connector which served as a station between the gauges and 
the instrumentation. This connector took the form of a table with 
a large number of labelled built-in solderable connecting points. 
Cables, each containing 27 pairs of colour coded wires in bundles, 
led to the underside of the model from this table. These cables 
ended, near the model, on special plates themselves having solder- 
able points for connection of the strain gauges in the model. Only 
the relatively short individual cables connecting the strain gauges 
with the plates were wasted in each experiment. The table, which 
was placed in close proximity to the data acquisition system, was 
connected to the removable plugs of the instrumentation and to 
other measuring devices by labelled wires soldered to its points.

The solderable points on the table, as well as on the special 
plates, were numbered the same way as the wires, so the identific­
ation of any specific gauge was easily obtainable. Also the con­
tinuity of the wires, gauge characteristics, etc., could always be 
checked with this set up at practically any place using the exposed 
soldered points. Therefore, the tracing of loose connections or 
gauge failure could be quickly and easily ascertained.

The set up is shown diagrammatically in Fig. 5.5. The system 
was independent of this particular research and it could be used 
in other experiments requiring the measurement of large numbers of 
gauges having multiple connections between model and instrumentation.

The actual 'plugging in' of the system can be left to the final 
stages of the preparation of the experiment, thus enabling more 
flexible sharing of the main equipment by various users.

The system proved itself in models 4 and 5, allowing for a 
shorter turn around between experiments, and practically trouble 
free connections and reduced number of gauges lost.
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5.6 STRESS-STRAIN CURVES FOR REINFORCING STEEL
Similar steel was used throughout the tests. This comprised 

wires or bars designated as C4, C6, C8 and CIO. Of these, C4, C6 
and C8 were plain hard-drawn wires and CIO was a plain round bar. 
One stress-strain curve was determined for each size of bar and 
this curve was used for every model. The four curves are given 
in Figs. 5.6, 5-7, 5.8 and 5.9.

5.7 RELATIONSHIP BETWEEN BENDING MOMENT AND MEASURED STEEL STRAIN
As explained in section 4.6, the purpose of the strain gauges 

on the reinforcement was to determine the distribution of moments 
at certain locations. In the early models the distribution of E-V7 
slab moments along the face of the spandrel were sought. It was 
hoped that these would correlate with the total stress-resultants 
as measured by the load cells at the base of column A. In models 
2 and 3 the distribution of mid-span moments was sought as well, 
and in models 4 and 5 interest extended further to the distribution 
along the face of the western spandrel (side B).

It was considered impossible to measure the steel strains due 
to dead load. In fact, the strains were taken as zero at the com­
mencement of the vertical load test, when the dead load and the 
load distribution beams were already in place. In the early stages 
of the test the strains all varied linearly with load, so it was a 
fairly simple matter to estimate for each gauge, by extrapolation, 
the strain corresponding to the loads already existing at the start 
of the test. By adding this estimated strain to the measured 
strain, the strain corresponding to total load was obtained. It 
was now necessary to compute, from these strains, the slab bending 
moment at each load level.

Previous investigators at the University of Illinois (1961) 
successfully used a bi-linear moment-strain relationship to convert 
the steel strains to bending moments (B.M per metre width in the 
case of the slab). This approach was adopted here.

The moment-strain relationship is represented by two straight 
lines OA and AB as shown in Fig. 5.10. The co-ordinates of A are
the crackinc moment M and the steel strain e at the same loadc c



level. The co-ordinates of B are the yield moment Ily and the 
steel yield strain ey.

The cracking moment was calculated from the expression

Mc = 0.62 /Fj Igt/yt (5.1)

In the case of slab moments, I . is the moment of inertia of the 
transformed, uncracked section of one metre width, yt is the dis­
tance of the extreme tensile fibre from the neutral axis, is 
the compressive strength of the concrete at the time of the test, 
and M is the moment per metre width of slab. In the case of
model 1, I . for the floor bean vTas calculated as for a T-bean gt
having an outstanding flange width on each side of the stem equal 
to the projection of the beam below the flange.

The concrete cracking strain at the extreme fibre was assumed
to be 0.00015,following the value used at the University of Illinois.
The strain at the steel level, e , was then obtained on the basis ofc
a linear strain distribution across the section. Values of e var-c
ied between 0.00010 and 0.00012.

In this investigation the stress-strain relations of the steel 
bars were non-linear. The yield strains, ê ., were therefore taken 
to be the strains corresponding to the 0.2% proof stress. These 
were obtained from the actual stress-strain curves and the values 
varied from 0.0023 to 0.0027 for the different bar sizes.

The yield moment, !•* , was evaluated by means of the usual 
flexure theory for cracked reinforced concrete sections.



In most cases strains were measured, and hence bending 
moments determined, at various distances along a given E-T:J line. 
These values exhibited slight inconsistencies due to the proximity 
or otherwise of cracks. To compensate for this, the moments at 
various distances along a given line were assembled and a smooth 
curve of best fit was determined. The values from this curve were 
finally used as representing the measured bending moments. More­
over, the slopes of this curve at the ends provided a value for the
slab shear adjacent to the spandrels.

5.8 TYPES OF TESTS CARRIED OUT
The main tests comprised the stiffness tests and. the vertical

load test.

The object of the stiffness tests was to determine the re­
lationship between a couple, applied at the junction of column A 
and the slab, and the corresponding joint rotation. Such tests 
were carried out both before and after cracking. The difference 
would provide a measure of the drop in stiffness of the structure 
occasioned by cracking.

The application of the couple to joint A was straight-forward 
by virtue of the type of support at the base of column A. As des­
cribed in section 4.4, this support consisted of five rocker arms 
(or load cells) - one vertical and four in the horizontal plane. 
These last will be referred to as North, East, South and West. The 
north and south rockers mainly supplied stability since by symmetry 
there was practically zero force in the north-south direction. In 
order to apply a couple, the west rocker was entirely loosened. A 
force in the east rocker would then induce a couple at the top of 
column A. The force in the rocker was successively increased by 
tightening the screw against which the outer end of the rocker was 
supported, Rotation of joint A was .measured .by means of the dial 
gauges described in section 4.7.

In the earlier models the stiffness tests were carried out 
with the five joints at the other columns only partially restrained. 
The values of the stiffness obtained did not therefore comply with 
the moment distribution concept of 'far end completely fixed', and 
the values could not be directly compared with any values which
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might be used in an elastic stiffness analysis. They did, however, 
give an indication of reduction in stiffness due to cracking.

In models 4 and 5, column B was supported in the same manner 
as column A. In these models it was possible to obtain values 
which approximated closely to the 'far end fixed' condition. The 
method of achieving this will be described in section 6.4 which 
deals with the details of the tests on model 4.

The object of the vertical load test was generally to determ­
ine the distribution of moments in the slab under vertical load, 
and in particular to investigate bending moments, twisting moments 
and shears in the vicinity of edge column A. The method of apply­
ing a load which approximated to UDL was described in section 4.5. 
Bending moments were measured by means of the strain gauges attach­
ed to the reinforcement (section 4.6). Shears were obtained from 
the rate of variation of the bending moments. The twisting moments 
in the spandrel beam or spandrel strip were obtained from the unit 
bending moments and shears in the slab at the face of the spandrel. 
The method of calculation of these quantities will be described in 
Chapter 6.

In some models, tests were carried out to determine, approx­
imately, the magnitude of the errors introduced by virtue of the 
fact that the model did not comprise the complete building. In 
effect this test would determine how realistic was the boundary 
condition adopted.

Steel cantilevers were bolted to a boundary remote from column
A, i.e. an 'artificial' boundary. The ends of these cantilevers 
were then loaded by dead load, so that a moment and a shear were 
applied at the edge of the model. The load was calculated so that 
the moment and shear corresponded approximately to that which would 
occur due to live load on the adjacent panel which in fact was not
included in the model. The assembly is shown in Fig. 5.11.

Strain gauge readings were taken before and after the applic­
ation of the edge load so that the effect of the edge load on the
region around column A could be estimated.
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Chapter 6

THE TESTS - MODEL BY MODEL

6.0 GENERAL
Ue come now to the tests themselves. The general appearance 

and size of the models is shown in Fiq. 6.1

3 th ic k ne s s  = 100 mm  
C | j -  2 5 0 m m  (a l l  models)
C 3LB= 2 0 0 m m  ( m o d e l s  2 ,3 ,4  ) 
4 5 0  m m ,  CJfc= 3 0 0  m m

( m o d e l  5 )
8 7 0 m m  ( m o d e l s  2 . 3 )  
f i l O m m  ( m o d e l s  4 . 5 )
6 5 5  m m  ( m o d e l  1 )

p a n d r e l  b e a m  C A D  in m o d e l s  1 , 2  
l o o r  b e a m  A B  in m o d e l  1

F ig .  6.1 Test Specimens .

The dimensions of beams and reinforcement details will be given 
for each model separately.

In some models, welded mesh reinforcement was used and this 
will be designated by the standard reference code in use at the 
time of the research. The significance of the code numbers is 
given in Table 6.1.

Details of design calculations for all models are given in 
Appendix A.

All the raw data collected in the laboratory are given in 
Appendix B. Test results are given in the present chapter, but 
these are mainly in the form of graphs obtained from the data in 
Appendix B.



Table 6.1 - Australian Standard flesh Sizes

r - ~ - ■ -? Bar and Mesh Size (mn)
: Code No. * ... c TT , _; j Dxa. of Hard-Drawn

\ Wire (mm)
Longitudinal 
Spacing (mn)

Transverse 
Spacing (mm)1 

CO

j

•-<

00H00 100 200CO00CM00 200 250
F62 | 6.3 200 200

The testing of model 1 will be described in Section 6.1, that 
of model 2 in Section 6.2, and so on. Figures or tables which 
refer to model 4 (for example) will be numbered 6.4^1, 6.£-2 etc.

For ease of reference, a system of Figure numbering has been 
adopted so that as far as possible corresponding graphs for the 
various models have similar numbers. Where a Figure is not rele­
vant in a particular model that number is omitted. For model num­
ber x, the figures 6.x.1-6.x.3 are concerned with details of the 
construction and testing of the model. Figures 6.x.4-6.x.9 give 
details of cracking during the vertical load test. Figures 
6.x.10-6.x.29 give summaries of the data which are given in full 
in Appendix B. These figures refer to the following information:

6 x. 1 Reinforcement Details and Beam Sizes
6 x. 2 Picture of Laser Beam (Model 1 only)
6 x. 3 Picture of Boundary Condition Test
6 x. 4)
6 x.5) Photographs of Cracks
6 x. 6)
6 x. 7)
6 x. 8 Diagram of Crack Pattern on Top of Slab
6 x. 9 Diagram of Crack Pattern on Bottom of Slab
6 x. 10 Vertical Reaction RA and Shear VA
6 x. 11 Total Exterior Moment
6 x. 12 Unit Slab Moment at Various Values of y
6 x. 13 Unit Slab Shear at Various Values of y
6 x. 14 Unit Mid-span Moment at Various Values of v
6 x. 15 Transverse Distribution of



6.x.16 Transverse Distribution of VA
6.x.17 Transverse Distribution of Mid-span Moment MM
6.x.18 Variation of Torque along the Eastern Spandrel
6.x.19 Angle of Twist along Eastern Spandrel
6.x.20 Angle of Twist along Eastern Spandrel
6.x.21 Slab Deflections
6.x.22 Data Related to Stiffness Tests
6.x.23 Vertical Reaction RB and Shear VB
6.x.24 Total End Moment Mg
6.x.25 Unit Slab Moment along Western Spandrel
6.x.26 Unit Slab Shear along Western Spandrel
6.x.27 Transverse Distribution of Mg
6.x.28 Transverse Distribution of Vg
6.x.29 Variation of Torque along the Western Spandrel
For the purpose of defining the location of points within the 

models, a system of co-ordinate axes was adopted. The origin of 
co-ordinates was taken at the centre of the interior face of column 
A and at the level of the bottom of the floor slab. The x axis was 
taken in a westerly direction, i.e. towards column B; the y axis 
in a northerly direction, i.e. along the inner face of the spandrel 
beam or spandrel strip; the z axis vertically upward.

6.1 MODEL 1
design

Although the investigation was concerned primarily with flat 
plates, it was decided to test also some models which contained 
beams in order to compare the behaviour of floors with and without 
beams. A floor with beams was tested first.

Model 1 comprised a floor slab of thickness 100 mm with a 
spandrel beam 250 mm wide and 300 mm overall depth. A floor beam 
200 mm wide and 300 mm overall depth ran from column A to column 
B. These elements were intended to be half-scale representations 
of a real building. Column A was 200 mm x 250 mm.

In the real structure columns C and D (see Fig. 6.1) would be 
the same as column A and beams CE and DF would be the same as beam 
AB. However, in the model the whole of the perimeter except in the 
vicinity of column A was modified in order to provide satisfactory



boundary conditions. For example, boundary CE was nade stiffer in 
order to simulate partially the effect of the next panel of the 
building. This called for a stiffening of both the columns and 
the edge beam. Other than these boundary modifications, the model 
was designed in accordance with SAA Code AS1480 (1974). Details 
of the design are given in Appendix A.

Columns were included in the model extending downwards to an 
assumed contraflexure point. /according to AS14 80 the design was 
carried out assuming that the far end of column was fixed. This 
would correspond to a contraflexure point 2/3 of the column height 
below the floor. Since the columns above were omitted it was nec­
essary to double the stiffness of the columns which were included. 
This was achieved by retaining the correct I but halving the 
length of the columns.

Rein fo r cement

Details of the reinforcement which resulted from the design
are shown diagrammatically in Fig. 6.1.1.

Strain Gauges

Strain gauges were attached to the top slab steel near its 
entry into the spandrel beam. These gauges were intended to 
measure the distribution of slab bending moments along the span­
drel beam. Gauges were also used in the floor beam on the top 
steel near end A and on the bottom steel near mid-span. Further 
strain gauges were attached to the longitudinal steel in the span­
drel beam. It was felt that the values of these strains might 
prove useful although their interpretation would be obscured by 
the fact that the spandrel beam carried bending, torsion and shear 
simultaneously.

The exact locations of all the strain gauges in the model are
given in Section B.1.1 of Appendix B.

L a s e r

The xdea of using a laser bean, mounted vertically, to measure 
angles of slope and twist was described in Section 4.7.1. The 
method was used in this model only. Graph paper was mounted in a
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horizontal plane at 2100 mm above the centreline of the beams.
The paper was attached to a wooden frame which in turn was attached 
to the main reaction frame. The setup is shown in Fig» 6.1.2.

V i a l  G a u g e s

As described in Section 4.7.2, slopes and twists of the span­
drel were also measured by dial gauges resting against angles at- • 
tached vertically to the spandrel. The positions of all these 
spandrel gauges are given in Section B.1.2 of Appendix B.

Two dial gauges were also mounted below the model, one in the 
centre of each panel, in order to measure deflections (see Section 
B.1.3) .

C o n o v e t e

At the time of the vertical load test, the concrete compres­
sive strength was 43 MPa (cylinder strength).

B o u n d a r y  C o n d i t i o n  T e s t

As mentioned previously, the effectiveness of the boundary 
condition adopted depended on the influence which loads on other 
panels (not included in the model) v/ould have on the stress con­
ditions in the test area around column A. An attempt was made to 
measure this influence by applying moments and shears to the boun­
dary of the model.

Steel cantilever beams were attached to the model boundary 
(see Fig. 6.1.3). By applying vertical loads to the ends of these 
cantilevers a moment and a shear v/ould be applied to the model 
boundary. Although these forces would be concentrated instead of 
distributed along the boundary, as in the real structure, it was 
considered that the test would supply a general indication of the 
quantity being measured.

In the first instance, the cantilevers were attached to the 
northern face of the model. J\ dead load of 250 kg was applied to 
the encl of each cantilever by suspending therefrom a bin containing 
gravel. The lever arm of the load could not be determined exactly 
since this depended upon the position of the resultant of the dis­
tributed reactive force near the edge of the model. Approximately
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the lever arm was 2 n, and this provided a moment of 2 x 2.5 or 
5 kNm per cantilever, a total of 20 kNm for the panel. This rep­
resented approximately the edge moment which would occur if the 
adjacent panel in the real structure were loaded to the design 
ultimate load level.

Since the strain gauges registered close to zero change when 
this edge loading was applied, no record was made of the readings.

The cantilevers were then applied to the western edge of the 
model (Fig. 6.1.3) and again the influence in the test area was 
practically zero.

Hence for this model, the boundary conditions appeared to be 
satisfactory. However, the model was considerably stiffer than 
later models which had no beams. Hence it was decided that the 
test would be applied again in some of the later models.

V e r t i c a l  L o a d  T e s t

The presence of the beams rendered this model extremely stiff. 
Deformations during the test were extremely small. The slopes and 
twists along the spandrel bean were measured just as well by the 
dial gauges as by the laser. Since the dial gauges were much 
quicker and more convenient to reach, it was decided not to use 
the laser in future models.

The first cracks appeared at mid-span in the H-S direction at 
a load of 12.5 kN/m2 (the service load was 7.0 kll/n2 and the design 
ultimate load was 11.4 kN/m2). At a load of 25 kN/rrt2 (2.2 x the 
design ultimate) the capacity of the testing device was reached.
It was clear that the model was still some way from failure.

At the maximum load reached, the mid-span moment in the floor 
beam was close to its yield value although yield had not occurred 
in the steel (see Fig. 6.1.14). The end moments were still well 
below the yield capacity.

The presence of the beams rendered the nodel extrenely stiff 
as well as extremely strong.

Load cell readings taken during this test are given in Section
B.1.5. The vertical load cell directly measures the vertical re­
action at A, Ra . A graph of this quantity is civer? in Fig. 6.1.10.



The total shear along the face of the spandrel beam between 
the centrelines of the panels to the north and south of A is given 
by RA minus the weight of the spandrel beam and column A. This 
total shear might be denoted by VA . Thus

VA = RA - 5.4 kN

The quantity VA is also plotted on Fig. 6.1.10.
The total (negative) moment along the face of the spandrel 

beam (which is denoted by MA) may also be obtained from the load 
cell readings. If E and W are the forces in east and west load 
cells respectively, then

Ma = (E-W) 0.635 - Ra X 0.125

Here, 0.635 is the vertical distance from the load cells E and W 
to the centre of the slab, and 0.125 is half the width of the 
spandrel beam. Values of nA are given in Fig. 6.1.11.

Strain gauge readings taken during the test are given in 
Section B.1.6. The main purpose cf these readings was to permit 
the calculation of bending moments. The method of computing 
bending moments from the measured strains has been described in 
Section 5.7.

From the strain gauges on the top steel at the end of the 
floor beam AB it was possible to calculate the negative end moment 
in the beam adjacent to the face of column A. Actually there were 
strain gauges at four distances x from the column face. The moment 
was calculated at each of these beam sections and from these values 
an equation for the bending moment diagram was derived. Hence the 
bending moment right at the column face was calculated and these 
values are given in Fig. 6.1.11. From the equation, the derivative 
was obtained and this gave values of the shear forces at the end of 
the beam. These values are shown in Fig. 6.1.13.

From the strain gauges at nid-span, the positive mid-span 
moment in the floor bean was calculated and the values plotted in 
Fig. 6.1.14.

By means of the strain <gauges attached to the top slab steel 
entering the spandrel beam it was possible to calculate the negative

5 6 .
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slab moment at various locations along the spandrel, i.e. at 
various distances y from column A. Hence for any given load level 
the distribution of slab moments could be obtained, and these are 
shown in Fig. 6.1.15. Slab moments are not shown within 300 mm of 
the centreline of column A since this part of the slab was regard- 
ed as part of the floor beam and the total moment within this cen­
tral region is accounted for as beam moment (see Fig. 6.1.11).

The values given in the graphs of Figs. 6.1.10-6.1.15 are in 
effect summaries of the data given in Appendix B, Section B.l. It 
is possible to derive further information from these graphs. Of 
particular interest is the variation of the twisting moment along 
the spandrel beam, and especially the torque which occurs at the 
column face.

The twisting moment in the spandrel beam is induced mainly by 
the negative slab moments adjacent to the beam, and to a smaller 
extent by the slab shears (which have a moment about the beam 
centreline). For any load level, the distribution of the slab 
moments can be obtained from Fig. 6.1.15. The slab shears can be 
estimated approximately since the total shear, VA , is known (Fig. 
6.1.10) and the shear in the floor beam (assumed to be concentrated 
in the stem) is also known (Fig. 6.1.13). The remaining shear will 
be assumed to be uniform along the beam. This assumption is based 
on the measurements in later tests.

This procedure was carried out only for one load level. In 
Fig. 6.1.18 the slab moments, ms, are first plotted. These are ob­
tained directly from Fig. 6.1.15. The slab shears, vs, are obtained 
as follows:

Total Shear,
End Shear in Floor Bear:

54.0 kN (Fig. 6.1.10)
36.2 kN (Fig. 6.1.13)

Shear in Slab 17.8 kN
8.9 kN each side

Length from column to 
panel centreline 1.26 5 metres

If vs is assumed to be uniform
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8.9 7.0 kN/mvs 1.265
0.125 vs 0.88 kNm/m

dT
dy ms + 0.125 v

Hence by integration the curve of T may be obtained. The 
torque at the panel centreline (y = 1365 mm) is zero by symmetry.

As regards the angle of twist of the spandrel bear., the read­
ings from the dial gauges were found to produce more consistent 
values than those from the laser. The twists calculated from the 
dial gauge readings are plotted in Fig. 6.1.19.

The dial gauges below the slab provided values of the vertic­
al deflections. There was so little difference between the de­
flection at the bean centre (gauge 36) and the deflection at the 
panel centres (gauges 33 and 39) that a single curve is given in
Fig. 6.1.21.

The values in the graphs are further summarized in a Summary 
Table, 6.1.1. This table is drawn up in such a way that it can be 
applied to all five models and thus simplify comparison. As ex­
plained previously several quantities were measured in later mod­
els which were not measured in the earlier models. Consequently, 
several items in the Summary Table for model 1 are not filled in.

Stiffness Test

The stiffness test consisted of the application of a moment 
to joint A (the junction of the slab and column A) and the measure­
ment of the corresponding joint rotation. The method of applying 
the moment was described in Section 5.8.

The applied moment was increased up to 32 kNn and then re­
leased,. readings being taken during increasing and decreasing 
moments. Readings of dial gauges right along the spandrel were 
taken so that not only could the rotation of joint A be determined 
but also the distribution of twist along the spandrel. These lat­
ter values proved to be of little interest, so in later models only 
the rotation of the joint itself was measured.
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MODEL No. i'
TABLE 6.1.1 SUMMARY OF RESULTS OF VERTICAL LOAD TEST

Service Load = 7.0 kN/m2
Design Ultimate Load = 11.4 kN/m2
Failure Load =

Item
Load
Level

Test
Value

1. Vertical Reaction at A 
= Ra (kN)

service 
design ult. 
failure

32
52

2. Vertical Reaction at B 
= RB (kN)

service 
design ult. 
failure

•

3. Total Mid-Span Moment
= (kNm)

service 
design ult. 
failure

4. Total Moment at face of Spandrel A 
= (kNm)

service 
design ult. 
failure

5.7
10.8

5. Total Shear Force at Face of Spandrel A 
= VA (kN)

service 
design ult. 
failure

26
46

6. Total Moment at Face of Spandrel B 
= MD (kNm)D

service 
design ult. 
failure

7. Total Shear Force at Face of Spandrel B 
- VB (kN)

service 
design ult. 
failure

8. Transverse Distribution of Mid-Span Moment service 
design ult. 
failure

9. Transverse Distribution of M,A service 
design ult. 
failure

See
Fig.6.1.15

10. Transverse Distribution of M service 
design ult. 
failure

* Values in brackets are obtained from strain gauge readings by integration. 
Other values are obtained from load cells.



MODEL No. 1-

TABLE 6.1.1 VERTICAL LOAD TEST (cont.)

Item
Load
Level

Test
Value

11. Distribution of Torque along Spandrel A design ult. See
Fig.6.1.18

12. Torque in Spandrel A at Face of Column A
(kNm)

design ult. 2.3

13. End Moment in Floor Beam at Face of Column A
(kNm)

service 
design ult. 
failure

5.G
8.9

14. Shear Force inFloor Beam at Face of Column 
A (kN)

service 
design ult. 
failure

19
3!

15; Shear Force in Spandrel at Face of Column A
(kN)

service 
. design ult. 
failure

5.8
9.8

16. Distribution of Torque along Spandrel B design ult.

17. Torque in Spandrel B at Eace of Column B
(kNm)

design ult.

18. End Moment in Beam Strip at Face of 
Column B (kNm)

service 
design ult. 
failure

19. Shear Force in Beam Strip at Face of 
Column B (kN)

service 
design ult. 
failure

20. Shear force in Spandrel at Face of 
Column B (kN)

service 
design ult. 
failure

21. Mid-span Moment in Floor Sfeaai (kNm) service 
design ult. 
failure'

10.7
15.5



MODEL No. 1
"ABLE 6.-1.2 SUMMARY OP RESULTS 01' STIFFNESS TESTS

7C„

Stiffness of .Joint A
= k, (kNm/radian'l ; \

Condition of Model

Uncracked Cracked
Severely
Cracked

12.6 x 103

Carry-over factor from
A to B - c_,BA

Stiffness of Joint B 
■ - k (kNir./radian)

Carry-over factor from B to A 
= CAB
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A graph of the measurements is given in Fig. 6.1.22. The 
stiffness value obtained from this graph is given in a summary 
table (Table 6.1.2) . As with the summary table for the vertical 
load test, the stiffness table is designed to accommodate the more 
extensive results from later models.

During the test, column A became cracked. This revealed a 
weakness in the design of the model. The stiffness of column A 
had been doubled by keeping I constant and halving the length.
While this certainly would double the stiffness, it would leave 
the flexural strength the same as in the real structure. However, 
with the upper column removed and the stiffness of the lower col­
umn doubled, the moment in the lower column would be doubled in 
the vertical load test. Hence, the column strength would be in­
adequate. It was realized that for future models the I should be 
doubled and the length retained as in the real structure.

Because of the damage to column A, the only stiffness test 
carried out was that with the slab in an uncracked condition, i.e. 
before the vertical load test.

6.2 MODEL 2
Design

Model 2 was generally similar to model 1 except that the floor 
beam AB was omitted. The spandrel beam remained the same as in 
model 1. This model thus represented a fairly common type of flat 
plate floor, having no internal beams but having an exterior span­
drel beam.

In the real structure, there would be no beams on the three 
sides CE, EBF and FD. However, as before beams were provided to 
simulate as nearly as possible the stiffness of the removed ad­
jacent slabs. These beams were 250 mrn wide and 165 mm overall 
depth on the north and south sides, CE and DF. The same size beam 
should theoretically have been provided on the western side EBF. 
However, this would clearly result in the region around column B 
being weaker than that around column A. As it was hoped that the 
vertical load test of this model might be continued until failure,



the beam EBF along the western side was arbitrarily increased to 
the same size as CAD in order that failure would occur adjacent 
to column A.

The steel in the slab and in the spandrel beam CAD was re­
tained exactly as in model 1, hence no design calculations were 
carried out. The only calculations required were an estimate of 
the size of the other perimeter beams. These calculations are 
given in Appendix A. The dimensions of the beams in model 2 are 
given in Fig. 6.2.1.

For the reasons explained at the end of section 6.1, the 
length of the columns was increased as compared with model 1. It 
was decided that it would be more representative of the conditions 
in an average floor of a building to assume that the contraflexure 
point of the columns occurs at mid storey height. The pin joints 
were placed at 820 mm below the centre of the floor slab. In 
order to double the stiffness of column A it was now necessary to
double its I. The column in the real structure was 200 x 250,
so the model column was made 200 x 320. However, if the model
column projected 320 mm into the slab instead of 250 mm this would
modify stress conditions at the floor-column junction. This prob­
lem was resolved by making the extra 70 mm of the model column pro­
ject outside the slab (see Fig. 6.2.1).

Reinforcement

Details of the reinforcement in model 2 are shown in Fig.
6.2.1.

S w a i n  Gauges

The layout of strain gauges was generally similar to that in 
Model 1. There was, of course, no floor beam in model 2 but a few 
gauges were placed on the bottom steel at mid-span close to the 
line AB.

The locations of all strain gauges in this model are given in 
Section B .2.1 of Appendix B.
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Li at Gances

The dial gauges for measuring angles of tvTist and slopes 
along the spandrel bear, '.'ere rounted in exactly the same way as 
for model 1. Details of their locations are given in Section
2.2.2 of Appendix E.

Three gauges were mounted below the model in this case, one 
at the centre of each panel and an additional one at the centre 
of the line A3. This layout is recorded in Section 3.2.3,

Conevete

At the time of the vertical load test, the concrete compres­
sive strength was 38 MPa.

Vertical Load Test

The absence of the floor bean in this model resulted in larg­
er deformations, both slab deflections and angular twists in the 
spandrel beam.

First cracking occurred at the top of the slab at the face of 
columns A and P. at a load of 12 k>T/m2. At 17.2 kH/m2 , cracking 
occurred on the bottom of the slab midway between A and 3 and at 
right-angles to the line AB. These cracks extended as the load 
increased.

At a load of 25 kN/n2 the testing frame reached its capacity 
and the test was discontinued. The mid-span moment had reached its 
yield capacity but the end regions did not show signs of distress. 
The model appeared to be some way from collapse.

Figs. 6.2.4 and 6.2.5 are photographs of the cracks. Figs.
6.2.8 and 6.2.9 are diagrams of the cracks in the top and bottom 
of the slab respectively.

Load cell readings for this test are given in Section E.2.4.
A graph of the vertical reaction at A (measured by the vertical
load cell) is given in Fig. 6.2.10. The total shear ”, along the 
face of the spandrel beam is derived as before by subtracting from 
R, the weight of the column ' and the spandrel beam.

V_ = R_ - 5.4 kl-Ti-,. i-\

This quantity is also shown in Fig. 6.2.10.
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(NUMBERS ON THE CRACKS ARE LOAD IN k N / m 2 )

Fig. 6.2.8'• C ra c k  P a t te r n  on th e  Top o f  Mode! 2



(NUMBERS ON THE CRACKS ARE LOAD IN kN/m2 )

Fig. 6 .2 .S ' C ra c k  P a t t e r n  on t h e  B o tto m  of Model 2



From the load cell readings, the total moment is also 
derived. In this model the height of column A was different from 
that in model 1 and MA is now given by

Values of Ma are plotted in Fig. 6.2.11.
Strain gauge readings taken during the vertical load test are 

recorded in Section B.2.5.
From the strain gauges on the top steel in the slab adjacent 

to the spandrel beam it was possible to calculate the unit negative 
moment (moment per unit width of slab) at various distances from 
column A. Graphs of these quantities as the load was increased are 
given in Fig. 6.2.12.

Opposite the centre of column A (actually at y = 25 mm) the 
sleds moment was calculated at various distances x from the face of 
the spandrel beam. The derivative of m could then be estimated and

the column face. This value is shown in Fig. 6.2.13.
The unit mid-span moments could be similarly calculated at 

those locations where the bars were strain gauged. Unfortunately 
at this stage of the project interest was focused on the region 
around column A and only the three central bars (y = -220, y = -22 
and y = 178 mm) were gauged. The moment did not vary very much 
across this rather narrow central band and hence the average value 
is given in Fig. 6.2.14. This may be regarded as the moment per 
unit width in the "beam strip", i.e. the strip of slab more or less 
opposite the columns.

The graphs 6.2.10  ̂6.2.14 are derived directly from the raw 
data given in Appendix B.2. They may be regarded as the summarized 
form of these data. From these graphs it is possible to derive 
further graphs which refer more nearly to quantities which are of 
direct interest in the research.

From the graphs of unit moment at various y positions (Fig.
6.2.12) it is possible to construct a graph which shows the trans­
verse distribution of the end moment (i.e. the variation of 
slab moment along the face of the spandrel beam) at any load level.

M.A (E-W)0.820 - Ra 0.125

this gave e unit shear force (shear per unit width of slab) at



In Fig. 6.2.15 this distribution is shown at various load 
levels.

Owing to lack of data, it was not possible to construct 
similar graphs showing the distribution of slab shear force along 
the face of the spandrel beam. For the purpose of calculating 
spandrel torsion, an estimate of shears is made in Fig. 6.2.16.
The slab shear at the column centreline was measured (see Fig.
6.2.13). The total shear was measured by the load cells (Fig. 
6.2.10). A linear variation of shear was assumed and from the 
two measured quantities this permitted the graph shown in Fig. 
6.2.16 to be drawn. The shape of these graphs should not be 
interpreted as experimentally derived.

The lateral distribution of mid-span moment was not measured. 
To preserve a similarity of figure numbering with other models, 
the number 6.2.17 is omitted for model 2.

The variation of twisting moment, T, along the spandrel beam 
was calculated from the unit slab moments (Fig. 6^.15) and the 
estimated values of unit slab shears (Fig. 6.2.16). Although the 
assumption of shear distribution must have involved some error, 
it should be borne in mind that the contribution of slab shear to 
the spandrel torque is much less than the contribution of slab 
moment.

The calculation of T was made only for design ultimate load.
In Fig. 6.2.18 is shown the variation of slab moment m . This is3 s
taken directly from Fig. 6.2.15. Also shown added to this is the 
variation of slab shear vg (derived as described) multiplied by 
0.125 m (half the width of the spandrel beam). The sum of these 
two quantities gives dT/dy. The integral of this summation graph 
provides the value of T. By symmetry T must be zero at mid-panel 
(y = 1362) .

Dial gauge readings taken during the vertical load test are 
recorded in Appendix B, Section B.2.6. For those gauges situated 
along the spandrel beam (gauges 1-28), the readings may be trans­
lated into angles of twist and slope along the spandrel. The 
values of these angular deformations are given in Section B.2.7. 
Fig. 6.2.19 shows graphs of the twist values for the different 
load levels. Fig. 6.2.20 is similar but gives values only for
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M o n m ,  no. 

SUMMARY o r  RHSULTS OF VFR
2-

TICAL LOAD TEST

'i-.BL'i  ̂ 2 Service Load
Design Ultimate 
Failure Load

Load
= 7.0 kN/m2 
= 11.4 kN/m2

Item
Load
Level

(kN/m2)

Test
Value

1. ' Vertical Reaction at A 
- Ra  (kN)

5.4
9.0 

, 22.5

21.5
35.5
99.5

2. Vertical Reaction at B 
= Rg (kN)

5.4
9.0

22.5

3. Total Mid-Span Moment 
= M{vl (kNm)

5.4
9.0

22.5

4. Total Moment at face of Spandrel A 
= (kNm)

5.4
9.0

22.5

5.3 (6.2) 
9.0(10.6)

22.9 (21.7)
S. Total Shear Force at Face of Spandrel A 

= VA (kN)
5.4
9.0

22.5

15.5
29.5
93

6. Total Moment at Face of Spandrel B 
= M d (kNm)

D

5.4
9.0

22.5
7. Total Shear Force at Face of Spandrel B 

= VB (kN)
5.4
9.0

22.5

8. Transverse Distribution of Mid-Span Moment

9. Transverse Distribution of M,A See 
Fig. 6.2.15

1 0 . Transverse Distribution of M

* Va '! vx s Ir, bracket  s are obt ft i nod from strain gauge readings by integration. 
Other  lues  are obtai ned from .1 oad cells.



MODEL N o .2.

VERTICAL LOAD TEST (cont.)

Item
Load
Level
(kN/m2)

itTest
Value

11. Distribution of Torque along Spandrel A design
ultimate
load

See
Fig. 6.2.18

12. Torque in Spandrel A at Face of Column A
(kNm).

design
ultimate
load

(7.7)

13. End Moment in Beam Strip at Face of Column A
(kNm)

5.4
9.0

(1.2)
'(1.9)

22.5 (3.3)

14. Shear Force in Beam Strip at Face of Column 
A (kN)

5.4
9.0

(2.9) 
(4.9}

22.5 (13.7)
15. Shear Force in Spandrel at Face of Column A

(kN)
5.4
9.0
22.5

|

l

16. Distribution of Torque along Spandrel B design
ultimate

I

load

17. Torque in Spandrel B at Face of Column B
(kNm)

design
ultimate
load

i18. End Moment in Beam Strip at Face of 
Column B (kNm)

5.4
9.0
22.5

19. Shear Force in Beam Strip at Face of 
Column B (kN)

5.4
9.0
22.5

20. Shear Force in Spandrel at Face of 
Column B (kN)

5.4
9.0
22.5

21. Mid-span Moment in Beam Strip (kNm) 5.4
9.0

(0.5)
(0.9)

22.5 (2.4)



design ultimate load and service load. Also the values for the 
north and south spandrels are here averaged.

The dial gauges below the slab measured deflections. Gauges 
33 and 3S measured mid-panel deflections and the mean of these 
(they differed very little) is graphed in Fig. 6.2.21. Gauge 36 
measured the deflection at the mid-span of the beam strip (i.e. 
midway between columns A and E). This deflection is also graphed 
in Fig. 6.2.21.

A summary of the results in the graphs is given in the 
Summary Table 6.2.1.

It was realized at the conclusion of the vertical load test 
on model 2 that further useful information could have been obtained 
if more strain gauges had been used in the regions outside the im­
mediate vicinity of column A. In particular a more complete group 
of gauges at mid-span would provide the value of the total mid-span 
moment II and its transverse distribution. These modifications 
were put into effect in model 3.

6.3 MODEL 3
Dss i :rr

In model 3 the spandrel beam -'as omitted as well as the floor 
beam. The real building, of which this model represented a portion, 
was therefore entirely a flat plate. In the model, beams 250 ram. 
wide ana 16 5 mm deep were included on the southern, western and 
northern boundaries to simulate approximately the stiffness of ad­
jacent panels. The slab steel was retained the same as for model 
2, and therefore no design calculations were carried out.

Since there was no actual spandrel beam in this model, the 
strip of slab 250 mm wide along the spandrel (i.e. where the beam 
was in previous models) will be referred to as the "spandrel strip"
in this model.

The dimensions of model 2 are given in Fig. 6.3.1.

~ P- Z ' C r  r  r'. €  VI t

Details of the reinforcement m  model 3 are given in Fig.
6.3.1.
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Strain Gauges

It was decided that in this model it would be desirable to 
obtain fuller information about the distribution of mid-span 
moments. Consequently all the bottom bars between the panel 
centrelines north and south of line AB were gauged at mid-span. 
Three gauges were attached to each bar in case some gauges failed 
to operate correctly. To compensate partly for the increased 
number of gauges at mid-span, fewer gauges were used on the top 
steel at the end of the span. In model 2, six gauges were used 
on each top bar, but results showed that this was excessive and 
only four gauges per bar were used in model 3. This was suffic­
ient to give not only the end moment but the local rate of change 
of moment (end shear).

Details of the location of all gauges are given in Section 
B.3.1 of Appendix B.

Dial Gauges

The dial gauges along the spandrel strip were generally the 
same as before. The locations at which twists and slopes were 
measured were 500 mm apart in this model instead of 450 mm as in 
previous models. Exact locations of the gauges are given in 
Section B.3.2.

Eleven gauges were mounted below the model this time so that 
a more extensive picture could be obtained of the variation of 
deflection along the line AB and along the centreline at right 
angles to AB. The locations of these gauges are given in Section 
B. 3. 3.

Concrete

At the time of the vertical load test the concrete compressive 
strength was 44 MPa.

Vertical Load Test

The vertical load test was generally carried out in a manner 
similar to that of the previous nodeIs.



First cracking occurred at the top of the slab near the faces 
of columns A and B at a load of 7 kN/m2. This was followed, at a 
load of 11 kN/m2 by bottom crackinc at midspan. At 14 kr/rr.2 a 
crack occurred in the top of the slab starting at column A and 
running towards column B (Fig. 6.3.4). This crack extended as the 
load increased. The top crack across the face of column A extend­
ed across the top of the spandrel strip at approxinately 45°, 
reaching the edge of the model. This crack was indicative of tor­
sion in the spandrel. Parallel cracks occurred at higher loads. 
Similar cracks occurred adjacent to column B. Radial cracks also 
appeared radiating from column A.

The mid-span moment reached yield first. At 23.8 kN/m2 the 
end regions showed signs of distress and the model refused to ac­
cept further load, although deformation was increasing. The long­
itudinal steel in the spandrels at A reached yield. Figs. 6.3.4 
and 6.3.5 show the cracking on the top and bottom of the slab 
respectively at this advanced load. At this stage the model was 
unloaded and a stiffness test was carried out as reported below.

After the stiffness test the vertical loading was then re­
sumed with increase in deformation. The torsion cracks in the 
spandrel strips widened considerably (photograph in Fig. 6.3.6).
A punching shear occurred suddenly at column A. Fig. 6.3.6 shows 
the appearance of this punching failure in the top of the slab. 
Fig. 6.3.7 shows the appearance of the underside at column A, 
where the failure crack is at the junction of the slab and the 
column.

Figs. 6.3.8 and 6.3.9 are diagrams of top and bottorr cracking 
respectively.

Load cell readings for this test are given in Section B.3.4.
A graph of the vertical reaction at A is given in Fig. 6.3.10.
Also shown in this graph is the total shear, V , alone the face 
of the spandrel strip. For this model

V. = R - 3.1 kNA A

From the load cell readinas, the total moment is derived. 
The vertical distance from the pin support to the centre of the 
slab was 0.820 m in model 3. Hence r is riven by
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F i g .  6 . 3 . 6  T o p  o f  S l a b  a t  C o l u m n  A a f t e r  P u n c h i n g  Shea

F i g  6 . 3  7 B o t t o m o f  S l a b  a t  Column A a f t e r  Punching Shear
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Fig. 6 .3,8 . C ra ck  P a t te r n  on th e  Top o f  Model 3
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Fig. 6 .3 .9 :  C ra c k  Pcrt-tern on t h e  B o t lo m  oi  Model 3
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M = (E-W)0.820 - 0.125A A
Values of Ma are plotted in Fig. 6.3.11.

Strain gauge readings taken during the vertical load test 
are recorded in Section B.3.5.

Fig. 6.3.12 shows values of the unit negative moment at 
various distances from A. These values were obtained from the 
strain gauges on the top steel adjacent to the spandrel strip.

As before, the unit shear force at various distances from A 
was calculated from the derivative of m at these locations. These
unit shears are plotted in Fig. 6.3.13.

In model 3 it was possible for the first time to make similar
calculations at mid-span. Fig. 6.3.14 shows the unit moment at
various values of y. The mid-span moment was much more uniformly 
distributed across the panel width than was the end moment. Con­
sequently it was not considered worthwhile to plot a large number 
of graphs.

At mid-span the shear force is, of course, close to zero so 
that the calculation of derivatives of m was not necessary.

Graphs 6.3.10 - 6.3.14 provide summaries of the data in 
Appendix B.3. From these graphs further quantities are now ob­
tained as described for model 2.

From the graph of unit moment along the face of the spandrel 
(Fig. 6.3.12) graphs are constructed showing the transverse dis­
tribution o£ Ma- Such graphs are given in Fig. 6.3.15 for various 
load levels.

In a similar way graphs of the transverse distribution of the 
shear force, VA, are constructed from the unit shear graphs of Fig. 
6.3.13. The shear distributions are shown in Fig. 6.3.16.

From the graphs of unit moment at mid-span (Fig. 6.3.14) 
graphs can be constructed in a similar manner to show the trans­
verse distribution of the total mid-span moment M . These graphs 
are given in Fig. 6.3.17.

Now that the distribution of MA and of VA along the face of 
the spandrel strip are known, these may be used to derive the var­
iation of torque, T, along the spandrel strip. This calculation



was carried out only for design ultimate load. In Fig. 6.3.18,
values of the unit moment, m , are taken directly from Fig. 6.3.12.sValues of the unit shear, v , are taken from Fig. 6.3.13 but multi-*

splied by 0.125 (half the width of the spandrel strip). Summation 
of these quantities gives dT/dy. Then T is obtained by integration 
together with the condition that T = 0 at mid panel.

Dial gauge readings taken during the vertical load test are 
recorded in Section B.3.6. Values of angles of twist and slope 
along the spandrel strip are derived from these readings and are 
recorded in Section B.3.7. Graphs of the angles of twist are 
plotted in Fig. 6.3.19 for various load levels. In Fig. 6.3.20, 
the twist along the spandrel is given for service load and design 
ultimate load. Since the dial gauges were removed before final 
failure graphs at this load level were not available.

Readings from the dial gauges below the slab (gauges 29-39) 
give the slab deflections at several points. It will be seen from 
Fig. 6.3.21 that the deflections at mid-panel were only very 
slightly different from the deflections midway between A and B.

A summary of the results in the graphs is given in Summary 
Table 6.3.1.

S t i f f n e s s  T e s t a

For model 3, a more complete series of stiffness tests was 
carried out than for previous models. Tests were carried out 
(a) before cracking (i.e. before the commencement of the vertic­
al load test), (b) after extensive cracking (i.e. when the model 
refused to accept any more load but before final failure), and 
(c) after a punching shear failure had occurred around column A.

The results for these tests are recorded in Section B.3.8  

and graphs of these results are given in Fig. 6.3.22.
Before cracking, only one stiffness test was carried out, 

namely the application of negative moment to joint A. This is 
referred to in the graphs as test 1.

After cracking, a negative moment test (test 2) was first 
carried out. It was then decided to investigate whether there 
was any marked difference between the stiffnesses as determined



1-H- - M
Ra ts  Measured by ihe  
v e r t ic i l  load c e l l i a t

__L _ _ ! __L U _ i _ i _ L

punching
Shearfailurei.!

t  'I .i ;

I— --- -------------------

iI "I ■ •
!"
iboeL i



TO
TA

L 
EX

TE
RI

OR
. 

END
 

MO
ME

NT
, 

Mn
, 

(k
Nm

)

LOAD ( k N / m 1 ) 
F I G .  6 . 3 . 1 1  TOTAL EXTERIOR END MOMENT MA

106



15 20

4 LOAD (kN/m2)

F I6 . 6 . 3 . 1 2  UNIT SLAB MOMENT AT VARIOUS DISTANCES ALONG THE SPANDREL

107



■3

r T _ _ . - r r r T _ p . T  . . .  ... . . . . . . .  . . . . . .  .......................................... .............................................................................

' ; ' v . ; :

:. . ■ ; ■ ■ ■ ■
r r-p' :■ H" r r r ;pp- ' J' ; : i ' ■ 'p. L : x r ^r . . n" : . T - t : . ;  i . ■ . . .. ;

UNIT SLAB SHEAR AT x •  0 ( k N / * )

L
!

80T





110



Ill





113



-5
I

FIG 6.3.19 ANGLE OF TWIST ALONG THE SPANDREL AT VARIOUS LOADS

114



AN
GL

E 
OF 

TW
IST

 
(ra

d 
x 

10
"

FIG. 6.3.20 ANGLE OF TWIST ALONG SPANDREL



b
N

o
ijj

ju
 

td
du

 
av

rs
 

u 
i. 

y 
Lu

a





1 1 8 .
TABLE 6.3'. 1

MODEL No.3 •
SUMMARY OF RESULTS OF VERTICAL LOAD TEST

Service Load = 7.0 kN/m2
Design Ultimate Load = 11.4 kN/m2
Failure Load = 23.8 kN/m2

Item
Load
Level

(kN/m2)

5.4
9.0 ! 

. 22.5

Test 
 ̂Value

23.5
38.2
88.2

1. ' Vertical Reaction at A  

= Ra (kN)

2 .  Vertical Reaction at B 
= RB (kN)

5.4
9.0
22.5

3. Total Mid-Span Moment 
= Mm (kNm)

5.4
9.0
22.5

■ (8.8) 
(19.3) 
(25.2)

4. Total Moment at face of Spandrel A  

= Ma (kNm)
5.4
9.0
22.5

6.4 (7.2)
11.0 (12.5) 
30.3 (33.3)

5. Total Shear Force at Face of Spandrel A  

= VA (kN)
5.4
9.0
22.5

19.6 (18.(5) 
35.0 (31.0) 
84.5 (69.1)

6. Total Moment at Face of Spandrel B 
= Mg (kNm)

5.4
9.0
22.5

•

7. Total Shear Force at Face of Spandrel B 
* VB (kN)

5.4
9.0
22.5 •

8. Transverse Distribution of Mid-Span Moment See.
Fig. 6. 3.17

9. Transverse Distribution of M.
A

See
5ig. 6. 3.15

10. Transverse Distribution of M_O -

* Values in brackets are obtained from strain gauge readings by integration. 
Other values are obtained from load cells.



MOD!-]. No. 5

VERTICAL LOAD TEST (cont.)

Item
Load
Level
(kN/m2)

Test
Value

11. Pi sl;ri but .ion of Torque along Spandrel A design
ultimate
load

See 
Fig. 6.3.18

12. Torque in Spandrel A at Face of Column A
(kNm)

design
ultimate
load

7

13. End Moment in Beam Strip at Face of Column A
(kNm)

5.4
9.0
22.5

(1.9) 
(3.7)
(8.9)

14. Shear Force in Beam Strip at Face of Column 
A (kN)

5.4

9.0
22.5

(3.4)

(5.8)
.(14.7)

15. Shear Force in Spandrel at Face of Column A
(kN)

5.4
9.0

22.5

16. Distribution of Torque along Spandrel B design
ultimate
load

17. Torque in Spandrel B at Face of Column B
(kNm)

design
ultimate
load

18. End Moment in Beam Strip at Face of 
Column B (kNm)

5.4
9.0
22.5

19. Shear Force in Beam Strip at Face of 
Column B (kN)

5.4
9.0
22.5

20. Shear Force in Spandrel at Face of 
Column B (kN)

5.4
9.0

22.5

21. Mid-span Moment in Beam Strip (kNm) 5.4
9.0

(1.6)
(2.5)

22.5 (2.6)
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TABLE 6.3.2 - SUMMARY OF RESULTS OF STIFFNESS TESTS

MODEL No. 3

r ........ .... ......I Condition of Model
I 16 Uncracked Cracked

Severely
Cracked

Stiffness of Joint A 
= kA (kNm/radian) 7.5 x 103 1.3 x 103 0.55 x 103

Carry-over factor from
A to B = cDA BA

Stiffness of Joint B 
= kgfkNm/radian)

Carry-over factor from B to A 

= °AB



121.

for negative and for positive moment. Hence test 3 was carried 
out with a positive moment applied. Test 4 v/as carried out with 
a negative moment again to see if the application of the positive
moment had changed the slab characteristics.

After failure two tests were carried out - test 5 with neg­
ative moment and test 6 with positive moment.

The stiffness values, k, determined from these graphs are
also indicated in Fig. 6.3.22. Compared with the difference in k
caused by cracking or by slab failure, the difference as determined 
by positive or negative moment is relatively insignificant. It was 
therefore decided that in future models only tests with negative 
moment would be carried out. The stiffness values are summarized 
in Table 6.3.2.

As mentioned earlier, the stiffness values determined from
this test are not directly applicable to analysis since it v/as not
possible in the test to simulate the condition of full fixity at 
joint B. The test values are indicative, however, of the percent­
age reduction which might be expected as a result of extensive 
cracking in the slab.

It was decided that in the next model an attempt would be 
made to measure true stiffness and carry-over factors as used in 
analysis.

6.4 MODEL 4
Design

The overall dimensions of model 4 were generally the same as 
those of model 3. There were, however, several differences between 
the models.

In the first place, the reinforcement of slab 3 v/as the same 
as that in slabs 1 and 2, since the objective in these models was 
to determine the effect of removing the floor beam and the spandrel 
beam respectively. As a consequence of this procedure, the slab of 
model 3 was not reinforced in accordance v/ith AS 14 80. It was felt 
that a slab designed strictly according to AS 1480 should be tested. 
This would also indicate whether the behaviour of the slab is in­
fluenced in any way by minor variations in the reinforcement.



In model 4 it was decided to measure the reactions at column 
B as well as those at column A. This involved building, at column 
B, a large hollow concrete pedestal similar to the one at A (see 
Section 4.6) and providing a set of five rocker arns, one vertical 
and four in the horizontal plane.

It was also decided that to some extent the model might be 
used as a 'double-sided' model. Hitherto, the eastern side had 
been regarded as the edge of the building, with column A as an 
'exterior' column. Column B was an 'interior' column and an at­
tempt had been made to make some allowance for those floor panels 
which were not included in the model. However it seemed likely 
that the edge conditions at B had only a very minor effect on the 
moments around column A. To the extent that this effect could be 
ignored it would then be possible to regard the western side as 
the edge of the building, with column B as the 'exterior' column 
and column A as the 'interior' column.

Side A would represent the case of no spandrel beam, while 
side B would represent the case of a building with a fairly shallov 
spandrel beam.

Details of the design of model 4 are given in Appendix A, 
Section A.4. The dimensions of model 4 are given in Fig. 6.4.1.

Reinforcement

Details of the reinforcement in model 4 are given in Fig.
6 . 4 . 1 .

Strain Gauges

More strain gauges were used in this model than in previous 
models. For each top slab bar (in the EU direction) three strain 
gauges were attached at end A and three at end B. These gauges 
provided a moment profile for the slab strip adjacent to its 
junction with the spandrel strip at end A (the eastern side of the 
model) and also adjacent to its junction with the beam at end B 
(the western side of the model).

For each bottom bar in the ET direction, two gauges were at­
tached at mid-span. It war not necessary to measure the variation



F
ig

-6 
4.1 

(a) 
R

einforcem
ent 

Details 
for 

M
o

d
el

______________________________________________________________________________________________
3800

_

320 
■________________________________________________________________________________________3110__

i 370
I 

.................................................................................
- 

___3230_
 

T 
i250



so-?



of moment at this location, so theoretically one gauge per bar 
would have been sufficient. Two were used in case of malfunction 
of one gauge.

As before, gauges were provided on the longitudinal (NS) bars 
in the spandrel strip at the eastern side. But in this model, 
similar gauges were also provided to the longitudinal bars in the 
beam along the western edge.

Details of the location of all gauges are given in Section 
B.4.1 of Appendix B.

D i a l  G a u g e s

The dial gauge layout for this model was generally the same 
as for model 3. Two extra dial gauges, 41 and 42, were provided 
at joint B in order that the rotation of this joint could be 
measured during stiffness tests.

The location of the dial gauges is given in Sections B.4.2 
and B.4.3 of Appendix B.

C o n c r e t e

At the time of the vertical load test, the concrete compres­
sive strength was 28 MPa.

V e r t i c a l  L o a d  T e s t

Cracks appeared in the top of the slab at the faces of columns 
A and B at a load of 5 kN/m2. Bottom cracks appeared at midspan at 
8 kN/m2. The yield moment at midspan was only slightly greater 
than the cracking moment because of the light reinforcement at mid­
span. For this reason, the nidspan moment reached its yield value 
shortly afterwards.

At 11.5 kN/m2 radial top cracks occurred around column A. At 
13.2 kN/m2 a top crack along the line AB started from the ends.
As in model 3, torsion cracks appeared in the top of the spandrel 
strips close to the column faces.

At 22.5 kl!/ir2 the model refused further load, and the vertic­
al load test was interrupted in order to carry out a stiffness test 
(see below) . Vertical loadinc- v?as then resumed with increase in



deformation. The torsion cracks in the spandrel strips near col­
umn A widened and eventually a punching shear took place.

The longitudinal steel in the spandrels at A reached yield 
whereas the steel in spandrels B did not. The longitudinal span­
drel steel at B reached a stress of approximately 220 ”Pa.

Figs. 6.4.4 and 6.4.5 are photographs of top and bottom 
cracks respectively- Torsion cracking in the spandrel is shown 
clearly in Fig. 6.4.4. Fig. 6.4.6 shows cracking in the top near 
corner column D. Clearly torsion is present in this region. Figs. 
6.4.8 and 6.4.9 are diagrams of the top and bottom cracking res­
pectively.

Load cell readings for this test are given in Section B.4.4.
A graph of the reaction at A is given in Fig. 6.4.10. Also shown 
in this graph is the shear V at the face of the spandrel strip.
For this nodel

V A  =  - A  -  2 ' 7  k N

Irom the load cell readings, the value of Ma is derived.

Ha = (S-TT) 0.760 - R 0.125

Values of K are plotted in Fig. 6.4.11.
Strain gauge readings for this model are recorded in Section 

B . 4 . 5 .
Unit negative moments and unit shears along the face of the 

spandrel were obtained as in previous models and are plotted in 
Figs. 6.4.12 and 6.4.13 respectively. Fig. 6.4.14 shows unit mid­
span moments at various distances y from the line AB.

From the foregoing graphs, the lateral distribution of K , V 
and are obtained and are plotted in Figs. 6.4.15, 6.4.16 and 
6.4.17. The distribution of torque T along the spandrel is ob­
tained from Figs. 6.4.12 and 6.4.13 and plotted in Fig. 6.4.18.

In this model, for the first time, data regarding the moments 
and shears at end B were also obtained. These data, and inform­
ation derived therefrom, are summarized in Fics. 6.4.23 - 6.4.29 
in a manner similar to that used for the end A.

126.
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(N UMBER S ON TH E  CRACKS ARE LOAD i n  k N / m 2 )

Fig. 6.A.8: C rock P a tte rn  on th e  Top of Model



(N UMBERS ON TH E  CRACKS ARE LOAD IN k N / m 2 )

Fig. 6 .4 .9 : C ra c k  P a t te r n  on t h e  B o tto m  o f Model U



Dial gauge readings are recorded in Section B.4.6. Figs. 
6.4.19 and 6.4.2 0 show the variation of the angle of twist along 
the spandrel. Fig. 6.4.21 shows slab deflections at the various 
locations.

The results depicted in these various graphs are summarized 
in Table 6.4.1.

Boundary Condition Test

It was intended in this model to carry out a boundary con­
dition test as described in section 5.8. A test of this sort was 
carried out for model 1, and showed that moments applied at the 
artificial boundary (the western, southern and northern edges) had 
a negligible effect around column A. However model 1, which con­
tained beams, was extremely stiff. It was considered desirable to 
repeat the tests on a flat plate model.

Unfortunately, experimental problems prevented the carrying 
out of these tests as planned. Instead of the applied edge moment 
being distributed along the edges, it was only possible to apply 
concentrated moments at the corners. A moment was applied at 
corner D in a N-S direction and at corner F in both the N-S and 
the E-W directions. Strain readings in the region around A were 
extremely small, which suggested that the adopted boundaries were 
satisfactory.

It was decided to make provision for the distributed edge 
moment in the next model.

Stiffness Tests

As in the case of model 3, stiffness tests were carried out 
(a) before cracking, (b) after extensive cracking, and (c) after 
the final punching shear failure at joint A.

In previous models the stiffness (11/8) measured for joint A 
was only approximately the quantity used in analysis. The value 
required for analysis is the stiffness of joint A when joint 3 is 
fully restrained against rotation. In models 1-3, ho\/ever, there
was no nethod of holding joint i'. against rotation. In v-odel 4 it 
was possible to lock joint P. One nethod of achieving this would



have been to apply the moment to joint A and then to adjust the 
load cells at B until the rotation of joint B is restored to its 
original value.

It was decided that instead of adopting this procedure, which 
might prove tedious in practice, it would be quicker to measure 
moments and rotations at both A and B and then derive the desired 
information analytically.

In the test, all horizontal load cells were released except 
the East cell at A and the West cell at B. A moment was applied 
at A by screwing in A-East to a pre-determined value. The 'carry­
over' moment at B could then be read by means of load cell B-West. 
The rotations of joints A and B were both measured by means of the 
dial gauges at these joints. The four quantities measured in this 
operation, which can be called test 1, will be denoted by MAj Mgj 
0A and 0 . Several graphs could then be drawn relating these
quantities. It was decided to plot graphs of 0Ai, 0^ and Mg 
successively, as functions of M regarded as the independent var-A1
iable. These three graphs are shown in Fig. 6.4.22a(i). The 
slopes of these graphs provide values of MAl/eAl» MAi//0Bi' anc*
Ma /Mg . Any other ratios could then be obtained from these.

A second test was then carried out in which a negative moment 
was applied at B, the moment at A being regarded as the carry-over 
effect. As before, rotations at A and B were measured. The values 
obtained in this test will be called MA  ̂ ©Az and 0g . Graphs,
in which Mg is now regarded as the independent variable, are shown 
in Fig. 6.4.22a(ii). From these graphs the ratios 
and Mg2/MA2 were obtained.

The quantities required in analysis may be defined as follows:
when joint B is locked against rotation,

kA = stiffness at A
CgA = carry-over factor from A to B

when joint A is locked against rotation,
k_ = stiffness at B
c,D = carry-over factor from B to A

AJd



1 3 3 .

vie may also define

kAB ” °AB kE (6-1)

kBA = CBA kA (6’2)
There are, of course, carry-over effects from A to joints 

other than B but it is known that these effects are small and they' 
will be ignored. Then A and B can be regarded as adjacent joints 
in a two-dimensional frame.

A couple applied at A or at B will be regarded as positive if
it causes negative bending moment in the slab, at that point. The
same sign conventions will be used for the rotations 0A and 0^.

If now, both A and B are allowed to rotate, then in terns of 
the basic quantities, the total couples at A and B will be

M A  = kA eA - kAB °B (6-3)

and Mg = kB 0B - kBA 0A (6.4)

The relationships between the quantities measured in the first 
test are, therefore,

“aI = kA 6Al ' kAB eB. (6’5)

and mBi = kB eB i  -  kBA eAi  (6.6)

These equations may be re-arranged in the form

kA - kAB<^7> = (6-7»

kB - kBA<^-» - ‘c 1* (6-8)Bi B i

In a similar manner, the quantities measured in the second 
test are related by

kA ' kA B < ^ >  - <6-9)A 2 A 2
p 1 *

H  -  !:B A < e f >  = ' e r 1 (6-10)B 2 B 2
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FIG. 6.4.29 VARIATION OF TORQUE ALONG THE WESTERN SPANDREL



MODI':L No. 4-
SUMMARY OF RESULTS OF VERTICAL LOAD TEST

Service Load = 5.4 kN/m2
(-m 4.1 Design Ultimate Load = 9.0 kN/m2

Failure Load = 22.5 kN/m2

Item
Load
Level

(kN/m2)

Test
Value

1. Vertical Reaction at A 
= Ra  (kN)

5.4 
9.0 

. 22.5

21.8
36.2
86

2. Vertical Reaction at B 5.4 25.5
= RB (kN) 9.0 42

22.5 102

3. Total Mid-Span Moment 5.4 (10.0)
= ^  (kNm) 9.0

22.5
(19.5)
(25.2)

4. Total Moment at face of Spandrel A 5.4 4.7 (5.4)
= (kNm) 9.0

22.5
8.7 (8.7) 

26.0 (26.2)
5. Total Shear Force at Face of Spandrel A 5.4 18.0 (17.5)

= VA (kN) 9.0
22.5

32.5 (32.3) 
83 (76.2)

6. Total Moment at Face of Spandrel B 5.4 5.4 (5.4)
= M (kNm)D

9.0
22.5

'10.2.(10.2) 
29.4 (30.6)

7. Total Shear Force at Face of Spandrel B 5.4 21.0 (17.6)
- Vg (kN) 9.0

22.5
37.5 (34.8) 
98 (85)

8. Transverse Distribution of Mid-Span Moment

* V i

See 

Fig, 6.4.17

9.
'

Transverse Distribution of M,A
' See 

Fig. 6.4.15

10.

i1

Transverse Distribution of M„b
See 

Fig. 6.4.27

Vasues in brackets are obtained from st r.i i n guuf>t. readings bv integration. 
Other \ alues are obtain. .! i rr>;- load cel!.,.
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VERTICAL LOAD TEST (con t.)
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Item
Load
Level
(kN/m2)

Test
Value

11. Distribution of Torque along Spandrel A design
ultimate
load

See 
Fig. 6.4.18

12. Torque in Spandrel A at Face of Column A
(kNm).

design
ultimate
load

(4.8) ■

13. End Moment in Beam Strip at Face of Column A
(kNm)

5.4
9.0
22.5

(2.1)
(2.4)
(7.8)

14. Shear Force in Beam Strip at Face of Column 
A (kN)

5.4
9.0
22.5

(4.5)
(5.4)

•

f 12.8")
15. Shear Force in Spandrel at Face of Column A

(kN)
5.4
9.0
22.5

7.5 (7.2) 
14.3 (14.2) 
35.8 (32.4)

16. Distribution of Torque along Spandrel B design
ultimate
load

See 
Fig. 6.4.29

17. Torque in Spandrel B at Face of Column B
(kNm)

design
ultimate
load

(5.8)

18. End Moment in Beam Strip at Face of 
Column B (kNm)

5.4
9.0
22.5

(2.0)
(2.3)
(6.7)

19. Shear Force in Beam Strip at Face of 
Column B (kN)

5.4
9.0
22.5

'(4.5) - 
(5. 3) 

(12.7)

20. Shear Foixe in Spandrel at Face of 
Column B (kN)

5.4
9.0
22.5

9.5 (7.8) 
17.3 (16.0) 
\1 (40)

21. Mid-span Moment in Beam Strip (kNm)
0

5.4
9.0
22.5

CO. 8) 
(1.0)
(1.7}



TABLE 6.4.2 SUMMARY 01' RESULTS OF STIFFNESS '17:STS

1 5 6,

MODrL No. 4

Condition of Model

Uncracked Cracked
Severely
Cracked

Stiffness of Joint A 
= k^(kNm/radian) 5.2 x 103 1.6 x 103 0.55 x 103

Carry-over factor from
A to B = cBA 0.28 0.4 0.6

Stiffness of Joint B 
= kp(kNm/radian) 7.9 x 10* 5.8 x 103 5.2 x 103

Carry-over factor from B t.o A

CAB 0.16 0 0
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These four equations - (6.7), (6.8), (6.9) and (6.10) --
provide values of the quantities k^ kg kgA From (6.7) and
(6.9) we have

and with k,.„ knovm, k» may be evaluated from (6.7). From. (6.8)AaJ J\
and (6.10) we have

and with k_- known, k_ may be evaluated from (6.10).d A  i3
Finally, the carry-over factors c ^  and cBA can be evaluated 

from (6.1) and (6.2). The values of the measured ratios are shown 
in Fig. 6.4.22a. Then from the above equations we find that

k^ = 5.2 x 103 kNm/rad
kB = 7.9 x 103 kNm/rad

Similar tests were carried out after severe cracking had oc­
curred, and again after a punching shear failure around column A. 
The results of these tests are plotted in Figs. 6.4.22b and 6.4.22c 
respectively. The values obtained from all three tests are summar­
ized in Table 6.4.2.

6.5 MODEL 5

Earlier research (ACI-ASCE Committee 426 (1974), Faulkes et 
al (1973)) had indicated that the width of a column, c , in a dir­
ection at right-angles to the equivalent frame being designed, has 
a major influence on the slab behaviour. That is to say, in this 
model the width of column r in the N-S direction might be expected 
to have a major effect on the various quantities being investigated.

So far, this dimension had remained constant at 20 0 mm. For 
model 5 it was decided to increase this to 4 50 ran. This would

(6.11)

(6.12)

0.16
0.28

Desian



simulate a fairly common type of blade column with its large 
dimension along the exterior wall of the building. It would not 
be practical to assume that interior columns would be identical 
to this. Instead, the 'interior' column at 3 was taken as having 
approximately the same area as column A.

Design details are given in Section A.5 of Appendix A. The 
dimensions of the model are shown in Fig. 6.5.1.

It was hoped that a certain amount of information might be 
obtained by regarding edge B as an exterior edge. To this extent 
the width of column B would provide an additional value of c2.

Reinfoveement

Details of the reinforcement in model 5 are shown in Fig.
6.5.1.

St vain Gauges

The arrangement of strain gauges for this model was similar 
to that for model 4. The exact location of every gauge is given 
in Section B.5.1 of Appendix B.

Dial Gauges

In previous models, 28 dial gauges were provided along the 
spandrel beam at side A. Of these, 14 were used to measure angles 
of twist at 7 locations along the edge, and 14 were used to measure 
the slope of the spandrel in the W-S direction.

It had been found that the slopes were much smaller than the 
angles of twist. Uith the order of accuracy provided by the in­
strumentation the measured slopes were unreliable. In any case, 
it is doubtful whether the values of the slopes could have been 
related to the quantities under investigation.

It was decided not to measure slopes along the spandrel CAD. 
Instead, angles of tv/ist along the side EBF were measured. Thus 
14 dial gauges were used each side. For consistency with previous 
models the gauges along the eastern side v/ere numbered with the 
odd numbers from 1 - 2 7 .  Those alone the western boundary were 
numbered -'ith even numbers .cron 2 •- 28.
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The positions of these gauges is shown in Section B.5.2.

Dial gauges belov; the slab were positioned as before. The 
location of those gauges is shown in Section B.5.3.

Concrete

The compressive strength of the concrete was 31 MPa at the 
time of the vertical load test.

Boundary Condition Test

In this model a boundary test was made by applying a distrib­
uted moment along the edges. As described in Section 5.8 four 
cantilever beams were bolted on to the northern edge of the model. 
Each of these were then loaded at the end with 250 kg. The moment 
thus applied was equivalent to approximately 20 kNrn. This ap­
proximates the bending moments which would be present due to design 
ultimate load on the adjacent panel to the north of the model.

The strains due to this applied moment were measured. Since 
they were very small they were not recorded.

The cantilever beams were removed from the northern edge and 
attached to the western edge between F and B (see Fig. 5.11).
Again the strains measured were very small.

Vertical Load Test

Qualitatively, the behaviour of model 5 was quite similar to 
that of models 3 and 4.

First cracking occurred at the column faces (5 kN/m2) followed 
by midspan cracking (9 kN/m2). Hidspan yield occurred shortly 
afterwards. Radial top cracking at columns A and B took place at 
13.2 kN/m2. Cracking along the line .AB commenced at 14.2 kN/m2, 
and at 15.6 kN/n2 torsion cracking was visible in the spandrels 
close to the columns.

At a load of 19.7 kN/n2 the load distribution system became 
unstable and collapsed. All load was removed and the spreader 
beam system was re-assenbled. The loading was resumed and con­
tinued up to 22.S kN/m2, the maximum which the model would accept.



Although strain gauge and load cell readings were taken after this 
re-assembly, it seemed possible that these might be unreliable.
It was found later that the two sets of readings did not display 
the close agreement which had been noticeable hitherto. It can be 
seen from, the results that an error had probably been introduced 
into the load cells.

A stiffness test was performed at this stage, after which the 
loading system again collapsed. The only matter still to be in­
vestigated was the possibility of punching shear at column A. It 
was considered not feasible to continue in view of the state of 
the equipment.

At the maximum load, the longitudinal steel in the spandrel 
strip on side A had yielded while that in the beam on side B reach­
ed a stress of 305 MPa.

Figs. 6.5.4 and 6.5.5 are photographs of the top' and bottom 
cracks respectively, while Figs. 6.5.8 and 6.5.9 give the same in­
formation in diagrammatic form.

For this test, load cell readings are given in Section B.5.4, 
strain gauge readings in Section B.5.5 and dial gauge readings in 
Section B.5.6, all in Appendix B.

Information about measured and derived quantities is given in 
graphical form at the end of this section and the nature and number­
ing of the graphs follows the same sequence as for model 4. Results 
are summarized in Table 6.5.1.

Stiffness Tests

Stiffness tests were carried out on model 5 in exactly the same 
way as for model 4. Graphs of the readings are shown in Fig. 6.5.22. 
The stiffness values obtained from these graphs are summarized in 
Table 6.5.2.

It should be noted that a shear failure did not occur around 
column A in this model. The final stiffness values in Table 6.5.1 
refer to the condition of the nodel well after it had refused to 
accept more load. At this stage the region around column A was very 
extensively cracked.
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Fig. 6.5.8: Crack P a tte rn  on th e  Top of Model 5
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Fig. 6 . 5 . 9 :  C r a c k  P a t t e r n  on  - the B o t t o m  o f  M odel 5
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TABLE 6.5.1
MOI.)!iI, No. 5,

SUMMARY OF RFSIJLTS OF VERTICAL LOAD TEST

Service Load = 5.4 kN/mz
Design Ultimate Load = 9.0 kN/m2
Failure Load = 22.8 kN/m2

Item
Load
Level

(kN/m2)

Test j 
Value

1. ' Vertical Reaction at A 
= Ra  CkN)

5.4
9.0 

. 22.5

23.5
39,0
98

2. Vertical Reaction at B 
= Rb (kN)

5.4
9.0

22.5

25.5
42.0

103

3. Total Mid-Span Moment 
= MJkl (kNm)

5.4
9.0
22.5

(10.3)
(17.4) 
(23.2)

4. Total Moment at face of Spandrel A 
= (kNm)

5.4
9.0

22.5

6.9 (7.4) 
11.8 (11.9) 
34.2 (27.7)

5. Total Shear Force at Face of Spandrel A 
= VA (kN)

5.4
9.0
22.5

19.0 (19.3) 
34.5 (33.9) 
94 (71)

6. Total Moment at Face of Spandrel B
= M (kNm) o

5.4
9.0

22.5

5.8 (7.9) 
12.8 (13.6) 
45.5 (28.8)

7. Total Shear Force at Face of Spandrel B 
= VB (kN)

5.4
9.0

22.5

22.0 (19.9) 
38.6 (35.2) 
100 (76)

8. Transverse Distribution of Mid-Span Moment

”m

See 
Fig. 6.5.17

9. Transverse Distribution of M.A
' See 

Fig. 6.5.15

10. Transverse Distribution of M D
D

______________

See 
F ig. b .5.27

Value-', m  brackets are obtained from strain gauge readings by int egrat ion. 
Other values are obtained tie 1 o.id cells.



MODEL No. 5

VERTICAL LOAD TEST (cont.)

Item
Load
Level
(kN/m2)

Test
Value

11. Distribution of Torque along Spandrel A design
ultimate
load

See 
Fig. 6.5.18

12. Torque in Spandrel A at Face of Column A
(kNm)

design
ultimate
load

13. End Moment in Beam Strip at Face of Column A
(kNm)

5.4
9.0
22.5

(4.1)
(5.0)

(12.3)

14. Shear Force in Beam Strip at Face of Column 
A (kN)

5.4
9.0
22.5

(6.7)
(9.2)

(21.1)
15. Shear Force in Spandrel at Face of Column A

(kN)
5.4
9.0
22.5

6.9 (7.1)
13.-4- (13.1) 
37.2 (25.7)

16. Distribution of Torque along Spandrel B design
ultimate
load

See 
Fig. 6.5.29

17. Torque in Spandrel B at Face of Column B
(kNm)

design
ultimate
load

(7.1)

18. End Moment in Beam Strip at Face of 
Column B (kNm)

5.4
9.0
22.5

(2.7) 
(3.1)
(7.8)

19. Shear Force in Beam Strip at Face of 
Column B (kN)

5.4
9.0

22.5

(4.3) . 
(5.8) 

(15.2)

20. Shear Force in Spandrel at Face of 
Column B (kN)

5.4
9.0

22.5

10.1 (9.1) 
17.6 (16.0) 
47.5 (35.5)

21. Mid-span Moment in Beam Strip (kNm) 5.4
9.0
22.5

(1.3) 
(2.5)
(5.4)
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TABLE 6.5.2 - SUMMARY OF RESULTS OF STIFFNESS TESTS

MODEL No. 5

Condition of Model

Uncracked Cracked
Severely
Cracked

Stiffness of Joint A 
= k^CkNm/ radian) 6.5 x 103 2.6 x 103 1.3 x 103

Carry-over factor from
A to B = c„.BA 0.83 0.3 0.12
Stiffness of Joint B 

= kg(kNm/radian) 18.0 x 103 7.5 x 103 2.2 x 103

Carry-over factor from B to A 

= °AB 0.08 0 0.13



Chapter 7

DISCUSSION OF RESULTS

Before proceeding to the possible significance of the results 
presented in Chapter 6, it is perhaps desirable to discuss the gen­
eral functioning of the models and the various measuring devices. 
Some estimate may then be made of the accuracy which can be as­
cribed to the results.

In regard to the models themselves, it must be recalled that 
the original purpose of the tests was to study the distribution of 
forces around the edge column A (at the middle of the eastern 
boundary). It would appear that the northern, western and south­
ern boundaries of the model were in fact sufficiently far from the 
test area that the absence of the floor panels outside the model 
was of little significance. The cantilever tests applied to these 
artificial boundaries indicated that if further panels had been 
included in the model, then the loads on these panels would prob­
ably influence the forces around column A by less than 5%. From 
this point of view the adopted boundary conditions can be consid­
ered satisfactory.

In later models interest was also taken in the total moments 
M^, Mg and in the central panel, i.e. the panel centred on the 
column line AB. Here M is the total panel moment along the in- 
ternal edge of spandrel A, Mg is the corresponding moment along 
spandrel B and is the total mid-span moment in the panel. The 
tests were not originally designed for this purpose and, as might 
be expected, the chosen boundary conditions had rather more effect 
on these quantities. The small stiffening beams adopted on the 
three edges remote from A had the effect of attracting load away 
from the central panel. This is indicated partly by the fact the 
deflections at the panel centres were slightly less than that of 
the mid-point of the column line AB. This can be seen in Fig. 
6.4.21 where the line 34-35-36-37-38 is virtually- horizontal at 
any given load level whereas the panel centre-points 3 3 and 39 
have a deflection about 16% less than this. Fii il?r effects can

7.1 RELIABILITY OF RESULTS
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be seen in Figs. 6.3.21 and 6.5.21. In a true flat plate floor
the deflection at the panel centre must be slightly greater than
that of the column lines. The same effect is also cossrvsble
when the test values of , i’u, and 1̂ , are compared v/ith the total
static moment fl .o

The method of measuring the reaction components at the base 
of column A (by means of the rocker arms used as load cells as 
described in Section 4.4) proved to be very simple to operate and 
there is reason to believe that the results are very reliable.

About 5% of the strain gauges malfunctioned and these read­
ings were disregarded. Since the gauges were fairly numerous, 
the malfunctioning of one here or there did not interrupt the in­
terpretation. The reliability of the strain gauge readings is 
attested in two ways, (a) by the repeatability of certain features 
from one model to another, and (b) by correlation between certain 
values obtained independently by the strain gauges and by the load 
cells at the column bases. These will be discussed separately.

A comparison may be made of graphs 6.3.15, 6.4.15 and 6.5.15 
which give the transverse distribution of 11̂ for models 3, 4 and 
5 respectively. It will be noted that in each case there is a 
sharp fall-off in the unit moment just beyond the edge of the col­
umn. It can also be seen that in the case of models 4 and 5 there 
is a step in the curves for service load and design ultimate load 
at about y = 450 mm. Since these features recur from one model to 
another they clearly reflect a behavioural feature of the structure. 
However, when it is recalled how the graphs are derived from the 
raw gauge readings, a high degree of accuracy may be inferred from 
the appearance of these features in the graphs. A similar compar­
ison may be made between graphs 6.4.12 and 6.5.12 which show the 
unit slab moments at various distances along the eastern spandrel 
for models 4 and 5 respectively. Here again the graphs are quite 
distinctive in appearance but much the same characteristics can be 
seen in each model.

In the case of all models, values for the total moment at 
any load level can be obtained by integrating the unit slab moments 
along the spandrel between the centrelines of the panels on either 
side of line AE. The value of i... obtained in this usv is derived



entirely from the strain gauge readings. A value for the same 
quantity may be obtained quite independently from the load cells 
at the base of column A, and the two values may be compared. In 
the case of models 4 and 5 a similar comparison may be carried 
out for spandrel B. The values in question are shown in Table 7.1 
where the first value is that obtained from the load cells and the 
number in brackets is obtained from the strain gauges by integrat­
ion. (These values have been given previously in the Summary Tables 
in Chapter 6.)

Except for the final values in model 5, the agreement between 
these two independent sets of measurements is remarkably good. It 
is concluded on this basis that load cell readings and strain 
gauge readings are accurate at least to 5%. In model 5 a collapse 
of the load distribution system occurred between design ultimate 
load and failure. Although the apparatus was re-assembled and the 
test completed it is considered that readings for model 5 close to 
failure are unreliable.

For the last three models a similar comparison can be made 
for the values of the total shear force (or V^) derived from 
strain gauge readings with that obtained almost directly from the 
vertical load cell at A (or B). The values are summarized in
Table 7.2.

Up to design ultimate load, the agreement is again quite good 
when it is considered that the slab shears were obtained as deriv­
atives of the slab bending moments, a process which always enhances
errors,,

The method of measuring angles of twist along the spandrel was 
found to be quite simple and satisfactory. The angles of twist in 
models 1 and 2 were very small on account of the presence of beams. 
In model 3 there is some dissimilarity between the graphs for the 
northern and southern sides of column A (see Fig. 6.3.19). This 
was traced to the fact that the frame supporting the dial gauges 
had been inadvertently touched during the reading of the gauges. 
This problem was avoided for models 4 and 5 and then the similarity 
of the graphs for the northern and southern spandrels (see Figs. 
6.4.19 and 6.5.19) suggests that these twist values are quite re­
liable .



TABLE 7.1 - Comparison of Values of Total Moments from Load Cells with Values Derived from
Strain Gauges

Load 
Level 
(kN/m )

Model 1 Model 2 Model 3 Model 4 Model 5

ma ma MA ma ma
MB

5.4 4.5 (4.4) 5.3 (6.2) 6.4 (7.2) 4.7 (5.4) 5.4 (5.4) 6.9 (7.4) 5.8 (7.9)

9.0 7.7 (7.2) 9.0 (10.6) 11.0 (12.5) 8.7 (8.7) 10.2 (10.2) 11.8 (11.9) 12.8 (13.6)

22.5 31 (30.7) 22.9 (21.7) 30.3 (33.3) 26.0 (26.2) 29.4 (30.6) 34.2 (27.7)* 45.5 (28.8)*

* unreliable values

TABLE 7.2 - Comparison of Values of Total Shears from Load Cells with Values Derived from Strain
Gauges

Load
Level
(kN/m2)

Model 3 Model 4 Model 5

VA va VB VA VB
5.4 19.6 (18.0) 18.0 (17.5) 21.0 (17.6) 19.0 (19.3) 22.0 (19.9)

9.0 35.0 (31.0) 32.5 (32.3) 37.5 (34.8) 34.5 (33.9) 38.6 (35.2)

22. 5 84.5 (69.1) 83 (76) 98 (85) 94 (71)* 100 (76)*

* unreliable values
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Discussion of the reliability of the stiffness tests will be 
left until Section 7.8.

7.2 I10DEL 1 - THE INFLUENCE OF THE FLOOR BEAM
Model 1 was the only model which contained a floor beam.

This beam entirely changed the strength and behaviour of the model 
as compared with the other models.

As shown in Fig. 6.1.11, approximately 80% of the entire 
panel moment is confined to the beam. The floor slab takes very 
little part in the frame action. This also means that there is 
very little torsion in the spandrel beams. It may well be that 
the path of the load from the slab to the column via the beams is 
similar to that usually assumed in design, and often called 'trap­
ezoidal loading' (see Fig. 7.6). This is very different from the 
load path which occurs when the floor beam is absent.

It is not possible to comment on the ultimate strength of the
model since when the capacity of the testing frame was reached the 
model was clearly far from failure. The flat plate models, on the 
other hand, reached their capacity. All models were designed in 
accordance with the Code AS 1480. It would appear that with struc­
tures so designed, while the flat plate type more than meet the 
design strength the structures with beams are much stronger again.

Similar remarks may be made about cracking and deflection. 
Cracking was just commencing when the test was discontinued at 
twice the design strength. Deformation was also extremely small. 
The angle of twist of the spandrel beam was too small to be 
measured with any accuracy. Mid-span deflections at maximum load 
were about 5 mm compared with about 2 5 mm for the other models.

Although model 2 contained a spandrel beam while later models 
did not, the behaviour of this model was generally more similar to 
that of the flat plate models than to model 1. The presence of 
the spandrel beam did not influence mid-span deflections to any 
extent although it did spread the end moment along the spandrel.

Model 2 v/ill therefore be discussed in with later models in 
the following sections.
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7.3 LATERAL DISTRIBUTION OF END MOMENTS, END SHEARS, AND
MID-SPAN MOMENTS
From the graphs and tables of Chapter 6 certain significant 

trends can be seen. Of these, we shall discuss first the lateral 
distribution of moments and shears along the inner face of the 
spandrel and also at mid-span.

(a) Distribution of End Moments

Models 3, 4 and 5, the flat plate models without spandrel 
beams, may be regarded as the main test specimens. They were 
more fully instrumented than the earlier models, and they will 
be discussed first.

Graphs 6.3.15, 6.4.15 and 6.5.15 show the distribution of 
the moment MA along the spandrel face from the column centre to 
mid-panel. One characteristic is common to all three graphs and 
all load levels. The unit moment is very high opposite the column 
face and drops off dramatically just outside the column. It would 
not be in keeping with these results to divide the total moment M^ 
between a column strip moment and a middle strip moment as recom­
mended by current Codes. The subdivision suggested by these 
graphs is between the high moment over the column width, and the 
considerably lower moment over the remainder of the panel. Accord­
ingly, the strip of slab of width c2 + t will be called the beam 
strip and the remainder of the panel width will be called the slab 
strip.

Clearly the proportion of the total moment which occurs in 
the beam strip will be higher for wider columns. If a spandrel 
beam of infinite torsional stiffness were provided, it could be 
expected that M would be uniformly distributed across the panel 
width. As the torsional rigidity of the spandrel beam is diminish­
ed, then the slab strip will accept a lower proportion of the total 
moment. It might be expected therefore that the division of moment 
between beam strip and slab strip will depend on the relative 
stiffness of the beam strip in bending and the spandrel beam in 
torsion. Investigation showed the likelihood of such a relation­
ship. However, there would be difficulties in practice in estim­
ating the relative bending stiffness of the beam strip and torsion­
al stiffness of the spandrel strip. In the uncracked state the



expressions El and GJ might be used with I and J being based on 
the overall dimensions and J being assumed to be the St. Venant 
torsion constant. The calculation is cumbersome and would have 
no relevance at all after cracking.

It was found that the same trend could be obtained if the 
moments were related to the ratio of the oross-seotionat areas of 
the beam strip and spandrel strips. Again for practical simplic­
ity, the width of the beam strip was taken as (c2 + t) instead of 
(c2 + d) where c2 is the width of the column parallel to the edge 
of the building. The width of the spandrel strip was taken as c x,
the column dimension at right-angles to the building edge. Thus a

( c H" t) tparameter Z = . 2Z\T~~r— t— T was defined.^ (c2 + t)t + 2cat
In the original planning of the models side A was regarded as 

the exterior of the building and side B was regarded as an interior 
column line and a stiffening beam was added in an attempt to sim­
ulate the stiffness of the next interior panel. It was expected 
that this would have the effect of making the total moment Mg 
rather larger than M . As regards the lateral distribution of Mg 
it was now considered that the conditions at end A would have lit­
tle effect. In other words side B might reasonably be taken as an 
exterior edge with a spandrel beam. This might not be correct in 
regard to the value of M but it should not seriously affect the

.D
distribution of Mg between the beam strip and the slab strip. In 
this case results would be available for three edges which con­
tained spandrel beams, namely side A of model 2, and side B of 
models 4 and 5. Side B of models 2 and 3 were not instrumented.

The same analysis was extended to the edges with'spandrel
beans, the parameter Z being taken as n where b and(C 2 t/t *t* 2oD
D were the overall dimensions of the spandrel beam. In Table 7.3, 
model 3A refers to model 3 side A and so on; M refers to the 
total moment MA or Mg as appropriate; M^ refers to that part of 
M which occurs within the beam strip of width (c2 + t). Values of 
M and llgS are extracted from the Summary Tables in Chapter 6. The 
values of n in Table 7.3 are the average of the values measured by 
the load cells and by the strain gauges, both of which values are 
given in the Summary Tables.
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TABLE 7.3 - Distribution of End Moments

Model Z
5. 4 kN/m2 9. 0 kN/m2 2 ̂2.5 kN/m2

IV •?
I!BS n /m M m bs m b s/m M M"BS W 1

3A 0. 375 6.8 1.9 0.28 11. 75 3.4 0.29 I 31.8 8. 7 0.27
4 A 0. 375 5.05 2.1 0.42 8.7 2.4 0.28 27.1 7.6 0.28
5A 0. 524 7.15 4.1 • 0.57 11.85 5.0 0.42 32.5 12.3 0.38
2A 0.167 5.85 1.2 0.21 9. 85 1.9 0.19 22. 3 3.3 0.15
4B 0.267 5.4 2.0 0.37 10.2 2.3 0.23 32.45 6.6 0.20
5B 0.326 6. 85 2.7 0. 39 13.2 3.1 0.23 39.25 7.8 0.20

Values of Mgg/M are plotted against Z in Fig. 7.1t The load 
levels 5.4 and 9.0 kN/m2 are the levels corresponding approximately 
to the service load and design ultimate load respectively. The 
load 22.5 kN/m2 is the failure load for models 3 and 4, and the 
maximum load capacity of model 5. Models 2 and 5 did not fail in 
the sense of a punching shear failure.

A quite clear trend can be observed. The proportion of M 
taken by the beam strip is highest at service load and drops con­
siderably by design ultimate load. There is no doubt that this 
change is due to cracking at the column face. This was where first 
cracking occurred in every case and it clearly results in the beam 
strip shedding some of its moment relative to the slab strip. A 
small additional drop occurs in most cases between design ultimate 
load and failure. It seems certain that the distribution of moments 
represented by the upper graph refers to the model in the uncracked 
state while the lower points refer to the cracked state. One may 
therefore suppose that the drop in the value of M„.,/I1 takes placeiJ u
suddenly at cracking. This would explain how two of the crosses 
fall approximately on the lower graph instead of the upper one.
In these models cracking evidently occurred just before 5.4 kN/m2 
whereas in the other models it occurred above this load.

Ignoring the small change which takes place at very high loads, 
we can then obtain two expressions for Mgq/M, one applying to the 
uncracked state and one to the cracked state. The test results 
quite clearly indicate a curve and hence in this report a parabolic
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relationship will be used. The following expressions are then 
obtained:

Before Cracking * = a  = 0.34 - 0. 32Z + 1.42Z2 (7.1) ̂* 11 un

I1
After Cracking j = a = 0.20 - 0.32Z + 1.42Z2 (7.2)M cr

(c + t)t
where Z = — + t)t + 2c t n̂o sPan(̂ re-*- keam) (7.3a)

(c 2 + t)t
or Z = — +' tj't + 2bD (with spandrel beam) (7.3b)

The experimental work justifies the application of these 
equations only between the limits of 0.15 < Z < 0.6. However, 
these limits probably embrace nearly all practical dimensions.
For design purposes, straight line equations may be preferred and 
between; the above limits, the following linear equations could be 
used:

M
ljSBefore Cracking • -1 7— = a = 0.16 + 0.65Z (7.1a)• M un

After Cracking ; = a = 0.04 + 0.65Z (7.2a)

The proportion of which falls within the beam strip (̂ Bg) 
as given by equations (7.1) or (7.2) is of course based on the 
present series of tests and there is the possibility that this 
proportion is influenced to some extent by the distribution of 
steel actually employed in these tests. Thus small variations of 
a may be in order in design. There seems little doubt, however, 
that the intensity of moment in the beam strip will always be con­
siderably greater than that in the slab strip.

Equations (7.1) and (7.2) give the proportions of r/en(j which 
fall within the beam strip and the slab strip respectively. The 
graphs of Chapter 6 suggest approxin.ations to the distributions



within these two regions which could be of use in design. In all 
cases it is reasonable to assume that the beam strip moment (^g) 
is uniform across the width of the strip.

£ of column

Fi g .  7-2 Approximations to the  Distr ibut ion of
End  M o m en t s  .

In regard to the slab strip there is a noticeable difference 
according to whether a spandrel beam is provided or not. Graphs 
6.3.15, 6.4.15 and 6.5.15 refer to tests in which there was no 
spandrel beam. In most cases, there is a very noticeable drop in 
moment just outside the edge of the beam strip. It also appears 
that the graphs at various load levels are approximately parallel 
over the slab strip. Based on these observations, approximations 
to the distributions are given in Fig. 7.2a. Values of a are



given by equations (7.1) or (7.2) and the various areas shown in 
Fig. 7.2a are obtained for any value of ‘̂en(j by multiplying 
by the factors shown.

Graphs 6.2.15, 6.4.27 and 6.5.27 refer to tests when a span­
drel beam was present. Except at very advanced loads, the drop in
moment at the edge of the beam strip is quite small and in the
proposal shown in Fig. 7.2b it is neglected. In this case, and 
assuming a linear variation across the slab strip, the distribution 
of moments will be as shown in Fig. 7.2b.

If these distributions are accepted, then for a known end 
moment, the unit slab moment at any position along the spandrel 
face can be calculated from equations (7.1) or (7.2). An estimate 
must be made as to whether ox not cracking at the column face has 
occurred at the particular end moment in question. This presents 
little problem. At service load or below it may be assumed that 
cracking has not occurred. For loads appreciably above the ser­
vice load there will be cracking at the column face. More exten­
sive cracking will not seriously alter the distribution.

( b )  D i s t r i b u t i o n  o f  E n d  S h e a r s

It was found that a very similar analysis could be applied to
the distribution of an end shear Vgn .̂ Table 7.4 gives values of 
shears for the edges 3A, 4A, 5A (no spandrel beams) and 4B, 5B 
(with spandrel beams). The values of V, the total shear, and VD„,

D O

the shear which occurred within the beam strip, were taken from
the summary tables in Chapter 6. The same parameter Z was used as
in the case of moments. In the case of shear, it was not possible 
to make use of results from model 2. Although the slab moment was 
measured at various positions along the spandrel, only at the col­
umn centre were enough moment values obtained to allow the shear 
to be estimated. As explained in Chapter 6, the distributions 
shown in Fig. 6.2.16 were assumed to be linear. The graphs were 
based only on the value at mid-column and the total area.

The values from Table 7.4 are plotted in Fig. 7.3. As with 
the moment values there is a sharp distinction between the values 
before and after cracking at the column face. By fitting second 
degree curves to these plotted points, the following expressions 
were obtained:



TABLE 7.4 Distribution of End Shears

!
Kodelj

5 . kN/m2 9.0 kN/m2 I 22 .5 kN/m2
■Li

V VBS VBS/V V VBS w v V VBS w v
3A 
4 A 
5A

0. 375 
0. 375 
0.524

18. 8 
17. 75 
19.15

3.4 
4 . 5 
6.7

0.18 
0.25 
0. 35

33.0
32.4
34.2

5.8
5.4
9.2

0.18
0.17
0.27

76.8
79.6
82.5

14.5
12.8
21.1

0.19
0.16
0.26

4B
5B

0.267 
0. 326

19. 3 
20.95

4.5
4.3

0.23
0.21

36.15
36.8

5.3
5.8

0.15
0.16

91.5
88

12.7
15.2

0.14
0.17

Before Cracking * VBS
V =  Bun = 0.23 - 0.40Z + 1 .  19Z2 (7.4)

After Cracking ; VBS
V =  3cr = 0.17 -  0.38Z + 1.10Z2 (7.5)

As in the case of the moment values, limits of 0.15 < Z < 0.6 
are placed on equations (7.4) and (7.5) on account of the range of 
experimental values. Also, for design purposes, the following
linear approximations are suggested:

VBSBefore Cracking ; ——  = = 0.08 + 0.5Z (7.4a)

VBSAfter Cracking 1 ——— = 3  = 0.5Z (7.5a)V cr

When the overall distribution of V is considered, there is 
not the same marked fall-off of shear at the edge of the beam 
strip as there is in the case of moments. Certainly this charac­
teristic is noticeable in model 3A (Fig. 6.3.16) but in the other 
tests the drop seems to occur only very close to failure and then
only mildly. It is therefore suggested that in the case of shear,
the distribution shown in Fig. 7.4 be used for all cases. In the 
event that this proposal predicts a negative ordinate at mid-panel 
the distribution over the slab strip should be taken as triangular 
with zero shear before mid-panel is reached. It should be pointed 
out that the experimentally derived shear distributions are less
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reliable than those for moment since the former have been obtained 
by the process of differentiation.

F i g .  7.4 A p p r o x i m a t i o n  to the Distribution
of End Shea r s .

(a) Distribution of Mid-Span Moments

Mid-span moment distributions were measured only for models 
3, 4 and 5, The distributions obtained for the three models are 
shown in Figs. 5.3.17, 6.4.17 and 6.5.17 respectively.

Each model shows some features not repeated in the other 
models. If we ignore the rather high beam strip moment in model 
3 at service load only (and this is based on a single reading), 
then models 3  and 4 show quite similar trends. At service load 
there is a fairly uniform moment from the column centreline to 
about miaway to the panel centre, then a rather lower moment for 
the remainder of the distance to the panel centre. At higher loads 
the same feature applies but the drop in moment becomes less pro­
nounced,. Before failure the moments in the column strip reach 
yiela and in consequence the whole distribution niqxates towards 
uniformity.



There is here no indication that the 'bean strip', as defined 
above for the end moments and shears, plays any special part in 
resisting the moments (except for the isolated reading on Fig. 
6.3.17 mentioned above). The more customary division into column 
strip and middle strip seems more appropriate, with the column 
strip taking rather more than half of the moment at lower loads, 
but the difference between the two zones becoming progressively 
less marked as the load increases.

Model 5 on the other hand shows quite different features.
Here a 'beam strip' is quite clearly defined and in this region 
the moments are considerably lower than in the remainder of the 
panel. This must be attributable to the substantially increased 
stiffness of columns A and B (and increased width in the case of 
column A as compared with the columns in models 3 and 4). It may 
be supposed that the stiffer columns increase the negative end 
moments in the beam strip and consequently decrease the mid-span 
moments. At very advanced loads the distribution tends to revert 
to that observed in the other models but this may be due largely 
to yielding in the more heavily stressed regions.

Current practice is to divide the slab into column strip and
middle strip and to assign 0.611, to the column strip and 0. 4.m toli i .
the middle strip. In these three tests, only in Fig. 6.4.17 at 
service load is the column strip moment as much as 50% greater 
than the middle strip moment. At design ultimate load (9.0 ’kN/m2) 
Mjj is close to being uniformly distributed across the slab in all
cases except for the dip in the bear, strip in model 5.

In summary the tests appear to indicate that in the uncracked 
state, the column strip seems to attract slightly more than half 
Km, but not 0.6MM « After cracking the distribution of moments be­
comes nearly uniform.

In these circumstances it would seem reasonable in practical
design to take as being uniformly distributed across the wholei 1
slab. This would in general agree more nearly with these test re­
sults than would the current practice.



7.4 DISTRIBUTION OF FORCES AROUND COLUMN PERIPHERY
The original objective of this research was to examine the 

distribution of forces in the vicinity of an edge column. Of the 
total moment transferred from, the slab to the column, how much is 
transferred as bending moment at the 'front' or internal face of 
the column, and how much as torsion on the 'side' or spandrel 
faces? Of the total shear, how much acts on the front face and 
how much acts on the spandrel faces? These questions can now be 
answered in terms of the information developed in Section 7.3.

It is first necessary to know the total moment, M^, and shear 
force, V , at the inner face of the spandrel beam or strip. This 
will be discussed in the next section. In terms of these quantit­
ies the forces on the various faces of the edge column can now be 
found by statics.

First, on the inner face of the column, which is taken as 
having a width (c2 + t), the bending moment is aMa and the shearJr\
force is BV„. According to whether the uncracked or cracked con- 
dition is being considered, a is obtained either from equation 
(7.1) or from equation (7.2). Similarly 6 is obtained from equat­
ion (7.4) or (7.5).

The balance of M and of course acts on the slab strip and
may be denoted by M or Vgg.

Thus Mqs = MA (1 - a) (7.6)

and Vss = VA d  - 6 ) (7.7)

These slab strip forces are divided between the spandrels on
either side of column A. By statics the twistina moment, T , insp
the spandrel at t/2 from the column face is then

'sp = ^ S S  + JsVSS (2'L)

- :!a + VA J1 <7-3>

The loading on the spandrel consists of:
(i) tne self-weight of the spandrel plus any live load acting
directly upon it. These toaether will be denoted b'7 ^

u "sp
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(ii) the slab shears acting on the face of the spandrel, Vrrt.' F S
(iii) the slab moments acting on the face of the spandrel, Moc,.

The moment IICC contributes largely to the spandrel torque. 
However, the shear and bending moment in the spandrel depend only
upon W and V . These produce a loading on the spandrel shownS Jp o b
diagramatically in Fig. 7.5. The value of Vec, is given by equat­
ion (7.7) and an approximate guide to the distribution of this 
force was given previously in Fig. 7.4.

From Fig. 7.5 it can be seen that the shear force in the 
spandrel at the column face is given by

Vsp = VA + W sp (7-9)
lioreover, Fig. 7.5 enables a reasonably accurate assessment 

to be made of the bending moments in the spandrel. It is noted 
first that the value of W is nearly always small compared with 
V ( 1  - S)• When there is no spandrel beam, the load diagram closely

F i g .  7 - 5  L o a d i n g  o n  t h e  S p a n d r e l  B e a m .

approximates to an inverted triangle with almost zero load at mid­
span. This produces a static moment of WL/12. When there is a 
spandrel beam the distribution of load is rather more uniform and 
a static moment of WL/10 might be adopted. Allowing for a certain 
amount of re-distribution the support moment and span moment may 
be approximated by
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: SP = I f'sp + VA (1 - 8)] U 2 - c2 - t) (7.10)

where Q = 15 for the support moment with a beam
•- 30 " span

0, = 18 " 5! support ” " no beam
0 = 36 ,! " span

These support moments are fairly substantial and shortly 
after service load give rise to top cracking close to the column 
face. These cracks can be seen in the photograph, of Fig. 6.3.4. 
However, it will be shown later that from an ultimate strength 
point of view there is no difficulty in designing for the moments, 
an accurate determination of which is not necessary.

It may be noted that the distribution of the load exerted by 
the slab on the spandrel is substantially different from one which 
is sometimes used in practice - often called 'trapezoidal' loading. 
This loading is illustrated in Fig. 7.6, and where both edge beams 
and floor beams are present this may well give a reasonable idea 
of the loading on the beams. However, when the floor beams are 
omitted as in model 2 (a flat plate floor with spandrel beam), the 
loading on the spandrel is very considerably altered. Instead of 
a triangular loading with a central peak, the loading is now 
greater near the columns, as shown in Fig. 7.5. If the spandrel 
beam is also omitted, the loading is even more concentrated to­
wards the supports.
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Returning to the forces on the three faces of the edge column, 
reference to Fig. 7.3 indicates that for a fairly square column, 
the shear in the spandrels is roughly twice that on the front face - 
even more than this after cracking. That is to say, of the total 
load delivered to the column the greater part arrives as shear in 
the spandrels, and only a relatively small proportion as shear in 
the beam strip. Reference to Fig. 7.1 indicates that the same 
general trend is true of the moments. The spandrel torsion pre­
dominates over bending in the beam strip.

The predominance of the spandrel forces is of course greater 
when a spandrel beam is present. It is less when no beam is 
present and less again with a very wide column. However, even with 
the wide column of model 5 and no spandrel beam, after cracking the 
spandrel forces were still greater than those in the beam strip.

These observations will be of considerable importance in 
Section 7.6 where the question of failure in the vicinity of the 
column is considered.

7.5 DISTRIBUTION OF M BETWEEN , M„ and I'
O A M B

In most design procedures, the value of the total end moment
K, is derived from the total static moment M whereA o

M = (W&2) ^n2
o 8

and £n = clear span between columns A and B.

In most designs, M is determined and this is apportioned, either 
by arbitrary coefficients or by some analytical procedure, between 
Ma, Mm and Mg.

The ratios of these three moments as obtained in the tests 
are first discussed. In Table 7.4, the test values of I: &, M and
Mg are shown. These are taken from the Summary Tables in Chapter
6.

The moments M , 11̂ and I'L, have then been non-dimensionalized
i . ' i  i _ >

by expressing them as fractions of llQ (- -5 + Mp) + -?T-, j . The
resulting values are plotted in Fig. 7.7, where of course the total 
height of every parabola is unity. In order to obtain a value of 
K for model 3, an approximate value for was obtained by analogy
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with model 4 having regard to the fact that the overall dimensions 
of the two models were the same.

TABLE 7.4 - Total Panel Moments at tiic.-Span c~.nd c.t the Supports

!!
Load 
Level ;

.7
lIA j i-1M j

"T
m b j 1 o :

------

V Ko I M, ,/M h/ o S
S
IL/M B o

| --f
5.4 ! 6.8 1 8.8 ! c' P 0 3 C 5 6 1 —

Modeli
3 1 9.0 | 11. 8 | 19.3 — 32.0 ^ L . 3 7 0.6 0 i —

22. 5 31.8 25.2 j — 59.4 | 0.53 j 0.42 • —

5.4 5.1 10.0 5.4 ; 15.25: 0.33 : 0.66 ;0. 35
i Model 

4 9.0 8.7 19.5 10. 2 2 9,0 | C r. 0 ; 0.67 !0. 35
22.5 26.1 25.2 30.0 1i 5 3..3 v . 47 |0.56

5.4 7.2 10. 3 6.9 1 1 1 L 0.41 0.59 10.40
Model

5 9.0 11.9 17. 4 13.2 30,0 0.40 0.5 8 0.44
22.5 31.4* 23.2 37.1* 5 7 * 5 0.05 0.40 0.65

unreliable - load cell values considerably crea.er than strain 
gauge values

The behaviour pattern is similar in ever; case. For models 
3 and 4, from service load (5.4) to design ultimate load the para­
bola moves slightly upward {i.e. the end momeircs decrease relative 
to M ). In the case of model 5, the curves for 5.4 and 9.0 kN/m2 
the two curves are practically indistinguis nable. From design 
ultimate load up to failure, there is in all models a marked down­
ward shift of the parabola (i.e. a decided relative increase of 
the end moments).

The reasons for these re-distributions are also quite clear 
from the experiments. The first parabola (5,,;, represents the 
distribution of moments in the uncracked state in every model,
cracking occurred first m  the beam strip at the faces of columns 
A and B. As discussed in Section 7.3 this c
transverse distribution of r andA
cepted moment increase at a lover

is caused a change in the
•Ip,. --he cracked beam strip ae­
rate than did the uncracked slab

strip (and also the uncrackeo. mio—span section) . This resulted in 
a smaller proportion of M_A (or r^) being resisted by the bear strip
(see Fig. 7.1). it also resulted in M ma oeing a smaller



215

£.4^kN/m - uncracked

9.0, kN/m2 - cracked 

------22,5: kN/m2 - majc. load

MODEL 5

FIGURE 7.7 DISTRIBUTION OF MQ AT VARIOUS LOAD LEVELS

4  . - i .  ' - i



proportion of r than was the case in the uncracked state. Hence
the upward shift of the parabolas.

Next occurred cracking at mid-span. On account of the relat­
ively small reinforcement percentage provided at mid-span, yield 
occurred shortly after cracking. This then set an upper limit on 
the mid-span moment and any further increase of load was re­
sisted bv an increase of II_ and M_. .A t>

At the ends A and B, cracking gradually extended from the 
column face {i.e. in the beam strip) along the face of the spandrel 
strip. However, as the end steel provided was greater than that at 
mid-span, cracking did not immediately lead to yield. Thus the end 
moments began to increase relative to the mid-span moment and the 
moment parabola moved downward. Eventually the whole of the neg­
ative steel at end B reached yield.

B

w  = 5 - 4  k N / m "  
u n c r a c k e d

B

O 0
w  = 9 - 0  k N / m 2
c r a c k i n g  a t
A a n d  B i n
b e a m  s t r i p  o n l y  
-  n o  y i e l d i n g

A M—o-

y i e l d i n  g  
a t  M

M
—o-

B
-Oi

w  =  2 2 - 5  k N / m 2  
y i e l d i n g  a l s o  
a t  B

F i g  - 7- g)  S e q u e n c e  o f  C r a c k i n g  a n d  Y i e l d i n g

If the models had continued indefinitely with similar panels 
to the North and South, then yield at A or B would have resulted 
in a mechanism collapse. Such a sequence of events is illustrated 
in Fig. 7.8. In the models, collapse of this sort was prevented 
since the adjacent panels to the North and South were considerably 
stronger than the central panel.

The behaviour of models 3, 4 and 5 all follov;ed in general 
the sequence cf events illustrated in Fig. 7.8. After maximum 
load had been reached, further deformation was imposed on models
3 and 4 and this led to a punching shear around column A. For 
reasons explained in Section 6.5 the test on model 5 was not con- 
tinuec to a punching shear at A. However, from the description of



the punching shear mechanism which will be described in the next 
section, it seems probably that a punching shear would have oc­
curred in model 5 as in models 3 and 4 despite the wider column 
face in model 5.

The sequence of events in the three models is illustrated 
diagrammatically in Fig. 7.9. The numbers on the diagrams indic­
ate the sequence in which the hinges or shear failures occurred.

punching 
s h e a r  f a i l u r e p lastic  hinges

Fig.7-9 Failure Mechanism

TABLE 7.5 - Yield Moments and Moments at Failure

Model ma “m “b

3 40.8
(31.8)

25.2
(25.2)

40.8

4 29.3
(26.1)

25.2
(25.2)

29.3
(30.0)

5 32.1
(31.4)*

23.2
(23.2)

32.6 
(37.1)*

* unreliable values

Table 7.5 shows the yield strengths of the sections A, M and 
B in each model. In each entry the first value is the yield 
moment calculated directly by assuming the yield stress (i.e. 0.2% 
proof stress) in every bar.



In brackets is shown the measured moment at failure. As
regards M the measured value has been derived from the measured

i r _ i

steel strains. Hence, if all bars reached or exceeded the yield
strain, the value of obtained in this way must agree with the

i ' i

value of KAi. calculated directly.
As regards the end moments, these were not only obtained 

from the reinforcement strains, but also an independent value 
was available from the external load cells. Moreover, the bars 
in the beam strip at column B in model 3 reached a strain in ex­
cess of the 0.2% proof strain. The measured strain was used in 
conjunction with the stress-strain curve of the steel to calcul­
ate actual moments in the beam strip. The values shown in brack­
ets in Table 7.5 are the averages of the values obtained from 
strain readings and those obtained from the load cells.

In the case of model 5, it was reported in Chapter 6 that 
difficulty was experienced with the loading system near failure.
This seems to have resulted in unduly high values of and 
from the load cells, whereas the values calculated from strain 
readings agree well with the observed behaviour. Average values 
were still used in Table 7.5 but these averages are almost cert­
ainly higher than the true moments.

The behaviour of the models is typical of the collapse mech­
anism of statically indeterminate structures. The final distrib­
ution of moments was determined by the amount of steel provided
at A and LI.

Thus the tests did not and could not provide any confirmation 
of the distribution of moments suggested by the Code rules or by 
any analysis. Whatever system of analysis (or set of rules) is 
used, however spurious, it will indicate some set of values for 
MA' !1M and [1b‘ If steel is provided in accordance with these 
values then the test results will migrate towards these values as 
collapse is approached, and will reach these values unless a shear 
failure supervenes. This will be discussed in the next section. 
Clearly such behaviour does not indicate that the analysis employed 
is aorrecv . and in fact the term 'correct' has no inherent meaning.

It k.ay be noted that a very considerable re-distribution of 
moments too* place between the uncracked state and the maximum load
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condition. This indicates that the distribution of U betweeno
M,, It. and IL. is arbitrary within Quite wide linits. This inA i.'i £5
turn suggests that the accuracy implied in the present Code rules, 
and in the literature which supports these rules, is quite unjust­
ified and that a much simpler set of design rules would be equally
effective.

The present tests suggest that a set of coefficients 0.40,
0.50 and 0.60 for the exterior end moment, mid-span moment and 
interior end moment might be satisfactory. However, it must be 
taken into consideration that the determination of such coeffic­
ients was not one of the original aims of this research, and 
whether the modifications introduced into side B of the models 
properly simulated the effect of the next interior panel or not 
is a matter of conjecture.

7.6 THE MECHANISM OF PUNCHING SHEAR FAILURE
The mechanism of shear failure at column A can now be exam­

ined.
A shear failure did not occur in models 1 and 2 and this may

be attributed the the fact that these models possessed a spandrel
beam. This will be referred to again later.

A shear failure did not occur in model 5. However, this may
have been due to the fact that at an advanced load, trouble was 
experienced with the loading system as reported in Chapter 6. The 
system was re-assembled and leading continued until the flexural 
capacity of the slab was reached, when the load distribution system, 
once more collapsed. The test was then terminated but it is pos­
sible that if this had not occurred a shear failure may have been 
achieved.

In models 3 and 4 the flexural strength of the floor slab was 
reached, and then after further deformation, but without increased 
load, a punching shear occurred at column A. In these raodels 
cracking occurred at quite a low load in the top of the slab along 
the face of column A. At much higher loads 4 5° cracks occurred in 
the spandrel strips at the upper face of the slab and coming from 
the corners of the column. These cracks were clearly the result 
of torsion in the spandrels. Tov;ards the failure load, all cracks



became wider and the shear failure itself was of course sudden 
and violent.

The conclusions drawn in Sections 7.3 and 7.4 indicate clear­
ly the probable sequence of events just before failure. Fig. 7.3 
or equation (7.5) show that for these models and at high loads, 
the beam strip carried 0.18 of the total shear around the column. 
Each spandrel therefore carried 0.41 of the total shear, approx­
imately twice the shear in the beam strip. In addition, the 
spandrels were subjected to considerable torsion. The total cross- 
sectional areas of the spandrels and the beam strip are approxim­
ately the same, hence there is no doubt that the spandrels were 
much more heavily stressed in shear and torsion than the beam 
strip. There is no doubt that failure occurred first in the 
spandrels followed immediately by total failure.

Even with the very wide column in model 5, the beam strip 
carried only 0.2 7 of the total shear. Each spandrel therefore 
sustained more shear than the beam strip, and torsion in addition. 
The beam strip was now much wider than the spandrels. Ead a shear 
failure been achieved it would have originated in the spandrels.

A punching shear failure at an edge column is therefore es­
sentially a shear-torsion failure in the spandrel. If a spandrel 
beam of normal proportions and reasonable reinforcement is provid­
ed (as in model 2) the shear-torsion strength will be well beyond 
the flexural capacity of the slab and a shear failure is not a 
problem. Where a spandrel beam is not provided, a satisfactory 
shear capacity depends on adequate reinforcement of the spandrel 
strip. It is of interest to note that it is not unusual in current 
design practice to find the spandrel strip quite devoid of hoop 
steel.

It remains now to discuss what punching shear strength may be 
expected from a given design. The test results showed that the 
measured torques in the spandrels at the face of the column were 
many times larger than the failure strength values calculated by 
the space-truss or skew bending theories of torsion. These 
theories yield quite similar failure values and are well substant­
iated by experiment. On the other hand it was shown in Section 
7.1 that the values measured in these tests were certainly not in
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error by more than 10%. The discrepancy can be fully explained 
by the fact that the spandrels were longitudinally restrained by 
the presence of the adjacent floor slab. Work carried out by 
Onsongo and Collins (1972) has shown that any longitudinal res­
traint increases the torsional capacity of a beam. The increased 
strength can be computed by expressing the restraint in terms of 
an equivalent area of additional longitudinal steel.

Any reinforced concrete beam subjected to torsion undergoes 
an increase of length in addition to twist. If the beam frames 
into columns at each end this will tend to cause the columns to 
move apart. In themselves, the columns have little resistance 
to such movement, but when the columns are integral with a floor 
slab, the latter will clearly provide a very considerable resis­
tance to column movement and hence to spandrel expansion.

In effect, expansion of the spandrel will be resisted by a 
field of tensile stress in the floor slab. The total tensile 
force in the slab will be balanced by a corresponding compressive 
force in the spandrel.

The problem is similar to that of a beam (Fig. 7.10) being 
restrained by end blocks (the columns in the building) connected 
by steel bars (representing the floor slab). In this simplified 
case the steel bars can be considered as additional longitudinal 
reinforcement in the beam. In the real situation, we may replace 
the concrete slab by an equivalent area of steel. The problem is 
to determine the effective area of the restraining slab.

Fig. 7.11 shows the field of tensile stress which will be a
maximum at the line of edge columns. Provided I is large com-n i
pared with In2, the total tensile force may be expressed as a
function of I . If the effective area is denoted by XI t then n2 J nz
the equivalent area of longitudinal steel will be

A = A£ t =£■ (7.11)eq n 2 EA s
It is proposed now to investigate the value of A which will 

increase the torsional strength of the spandrel up to the observed 
strength.
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According to the space-truss theory of torsion, the strength 

of a beam subjected to combined torsion and shear is given by

u Ao vu(1 +
u

wy uQ x£y (7.12)

where u
Vu
w

wy
s
A,

’Ay

ultimate torque 
ultimate shear
the cross-sectional area of the bar from which
the hoops are made
the yield stress of the hoop steel
the spacing of the hoops
the total area of longitudinal steel
the yield stress of the longitudinal steel

A rectangle ABCD is defined by the centres of the bars in 
the corners of the hoops (Fig. 7.12). Then

A
u

the area within this rectangle
the perimeter of this rectangle
the^vertical dimension of this rectangle

Fig . 7.12

Following the work of Onsongo and Collins, we must now re­
place A 0 by (A„ + A ), the latter term being given by equation 
(7.11) and representing the effect of the restraint. Then

u A V
(1 + O U )v T v '  u o

r r

'wy
~1 c ^ J? v (A0 + XtZ — -)£ n 2 E u (7.13)

For any particular test, the measured values cf T and V- u u
in the spandrel at punching failure can be substituted into
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equation (7.13) in order to evaluate a value of X which agrees 
with the test results.

The only failures which occurred were in models 3 and 4 at 
column A. These results yield A = 0.25 and A = 0.24 respectively. 
As explained before, it was considered that a shear failure was 
imminent in model 5 at the time the test was terminated. Using 
the final measured values of and a value of X = 0.24 is 
obtained.

The average of these three values is approximately 0.25.
Since the A values are so consistent it appears reasonable to 
substitute the value A = 0.25 into equation (7.13). The torsional 
strength of the spandrel strip (no beam) is then given by

In models 4 and 5, the spandrel forces were also measured at 
side 3. Because small spandrel beams were present on this side 
the joint did not reach failure. Even so the final torque in the 
spandrels was considerably in excess of the failure torque which 
could be sustained by an unrestrained beam, and it was therefore 
evident that the slab was contributing to the behaviour of the 
spandrel beam. The determination of the extent of the slabs con­
tribution (i.e. a value for A) was difficult since equation (7.13) 
only applies to the failure condition. Despite this, the final 
measured values of T and V were substituted into equation (7.13) 
in place of T^ and and in place of f^ the measured stress in 
the longitudinal steel was used. These stresses were 220 MPa and 
305 MPa in models 4 and 5 respectively.

By this method values of 0.2 6 and 0.23 were obtained for A.
It would seem reasonable to use equation (7.14) for structures 
with a spandrel beam as well as those without a beam, although 
this has not been conclusively obtained from the present tests. 
The behavioural model suggested in Ficj. 7.11 would also point in 
this direction. It is probable that as the torque increases to­
wards failure, the tension both in the longitudinal bars of the 
spandrel and in the floor slab increases until the bars yield.

T.u
1 (7.14)
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All the A values are summarized in Table 7.6.

TABLE 7.6 - Values of A

Model Value of A !

3 (A) 0.25
4 (A) 0.24
5 (A) 0.24
4 (B) 0.26
5 (B) 0.23

)' beam 
. failure 
' reached

| beara failure
( not reached;

When £ is smaller than £ , it is possible that the fieldni n2
of tensile stress in the slab may be curtailed by the proximity
of the next interior row of columns, so that the effective width
area is less than 0.25 £ . In the absence of further informationn2
it is suggested that the effective width be taken as 0.25 £r where
£ is the smaller of £ and £n ni n 2

It may be noted that in equation (7.14) the 'equivalent' area 
of steel provided by slab restraint (i.e. 0.25 t£n Ec/Es) is far 
greater than the actual steel in the spandrel, A^. This means that 
in design, the longitudinal steel provided in the spandrel is fair­
ly arbitrary since it makes only a minor contribution to the total 
strength. For the same reason the strength of the spandrel is 
usually more than adequate in torsion and bending, and hence an 
accurate determination of the bending moments is not necessary.

Equation (7.14), taken in conjunction with the equations 
developed in Sections 7.3 and 7.4, governs what is usually called 
the punching shear strength of the slab around an edge column.

7.7 DESIGN OF EDGE COLUMN - SLAB CONNECTION
One of the primary objectives of this research was to develop 

a method for the design of the connection between a slab and an 
edge column. In this section it will be shown explicitly how such 
design follows from the equations developed earlier in this chapter. 
The design procedure will be followed by a numerical example.
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Design 'Procedure

1. From the dimensions of the column, the slab thickness and
the spandrel beam or strip, calculate the parameter Z (equation
(7.3)) ana hence the values of a and 8 (equations (7.2a) andcr cr
(7.4a)).
2. From these values, and given the total panel moment 21̂  and
shear V„ at design ultimate load, calculate the moment and shearA
(-Igg Vr,g) to be carried by the bean strip. Also calculate
the torcue, shear and moment (T , V and M ) in each spandrelsp sp sp r
(equations (7.8), (7.9) and (7.10)).

3. Assume the longitudinal reinforcement in the spandrel and 
design hoops to resist Tg^ and Vg^ simultaneously. The hoops are 
designed by means of equation (7.14).

For design purposes it is necessary to introduce a strength 
reduction factor $ into this equation. It is convenient to re­
arrange equation (7.14) in the form

T V ,
( - J i  +  _ H ) 2A A y 1V7 O O

(J)2 4 f (A, + 0.25 t £ E /E ) f. /u wy £ n c '  s £yx o
(7.15)

4. Check that the soandrel is adecuate to resist T and f! insp sp
torsion and bending at the support.

5. Design suitable longitudinal reinforcement in the beam strip
to carry the moment 1^.

6. Check that the beam strip is adequate to resist the shear V c.
i J U

The usual flexure and shear design rules given in codes of practice
may be used for this purpose.

All reinforcement must be properly detailed to provide ade­
quate anchorage.

Examv1e

The above procedure will be illustrated by applying it to the 
design of an edge column-slab connection with no spandrel beams.
The following data apply:



227.

sr\ 330 kiln, li 410 kN, ci = 4 00 r im,
o II 500 ra n , £ x fcjCO £2 = O III :f

£ni 7.6 n, £
nz 5.5 ip. t 250 ran,

d 217 mm, TT 1 — i. —c 2 5 MPa, E /E s c = 8

f£y = 410 MPa, fwy 230 MPa, and clear cover = 25

(1) Calculate a and 8cr cr •
(c? + t)tEquation (7.3a): Z = (c2 + t)t + 2cxt

(500 + 250)250 
(500 + 250)250 + 2 x 400 x 250

0.48

Equation (7.2a): acr = 0.04 + (0.65 x 0.48) = 0.35

Equation (7.4a): = 0.5 x 0.48 = 0.24

(2) Calculate !4__f V , T , V and M3S BS sp' sp sp •

Mgs = acr M = 0.35 x 330 = 116 kNm

V3S = Scr VA = 0.24 x 410 = 98 kN

Equation (7.8): Tsp = 33011- jj*35) + 410 (--.~.°---4)

= 139 kNm

Assuming that the only load acting directly on the spandrel 
strip is the self-weight, and using a load factor of 1.5 for this 
dead load, then the factored weight of one spandrel is

sp 1.5 x 0.25 x 0.4 x 5.25 x 24
18.9 kN

Equation (7.9); V = 410 (----S-^) + 0.5 x 18.9Sp £

= 165 kN



Equation (7.10): M = [j-8.9 + 41°(1 “ 0.24)] 5.25

= 96 kNra

(3) Design Spandrel Reinforcement *.
Assume 4 - C16 bars as longitudinal reinforcement. Then
4 x 200 = 800 ram2.
Try S12 bars for the hoops. Then

X =o 400 - 2 x 25 - 2 x 12 - 16 = 310 nm

Y = J o 250 - 2 x 25 - 2 x 12 - 16 = 160 mm
=o 2 (310 + 160) = 940 mm

Ao 310 x 160 = 49 600 mm2

Substituting these values into equation (7.15) and adopting 
a capacity reduction factor <j> of 0.85,

.139 x 106 165 x 103> 2

_w =  _____________ 1 49 600 160 ;_____________
S 0.852 x 4 x 230(800 + 0.25 x 250 x 5500/8) 410/940

= 1. 16

Since At = 110 s = 9 5

Provide S12 hoops at 95 mm spacing

(4) Check Spandrel Strip for Torsion and Bending:
(see Warner, Rangan and Hall, p.147)

Li 9 6
139

2 x y —— f tano o s ,.>ry

0.69

"IIP= 2 x 160 x 310 x “os’ x "an ^

T
tan g 2 6.4
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A£ + °'25 t£n V Es 
Ast " 2

300 + 0.25 x 250 x 5500/8 
2

= 21 884 ram2

21 884 x 410 = T( 160 + 310 .) + 0'-̂ -T-21 884 X 410 T(2 x 16Q x 31Q; 2 6 A  lg0

Solution of this quadratic gives

T = 212 kNm (> 139 .". O.K)

(5) Design the Beam Strip for ;

riBS = *^Ast^BS f£y^0'9d^

116 x 106 = 0.9 A . x 410 x 0.9 x 217st

A > 1610 mm2st

Provide 8 - C16 bars in the beam strip. As many as possible 
should be bent down into the column (about 4). The remainder must 
be adequately anchored in the spandrel strips.

(6) Check the Shear Strength of the Beam Strip ;
The shear strength of the beam strip without shear reinforce­

ment may be taken conservatively as <p 0.17/f^'(c 2 + t)d. Therefore, 
if no shear reinforcement is to be provided

VBS < (j) 0.17/Fj (c2 + t)d

< 0.85 x 0.17/25 (500 + 250)217

< 118 x 103 N

The actual shear is

Voc = 98 kN .*. O.K.
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concretes. in view of the number of independent variables in­
volved, any analytical examination of these results is unwarranted.

Neither is any attempt made to compare the test results with 
stiffness values commonly used in the Equivalent Frame Method of 
analysis. In the first place, the tests did not correspond, in 
several respects, with conditions which might be expected to give 
the 4EI/L values usually used in this analysis. Secondly, in view 
of the doubtful validity of this method of analysis there seems 
little point in checking the accuracy or otherwise of the 4EI/L 
assumption.

7.9 DEFORMATIONS
Twists in the Spandrels

As mentioned earlier, model 1 was very stiff and the measured 
angles of twist in the spandrels were negligible.

For models 2, 3, 4 and 5 respectively the angles of twist at 
service load and at design ultimate load are summarized in Figs. 
6.2.20, 6.3.20, 6.4.20 and 6.5.20. From these figures it can be 
seen that the angle of twist increases sharply from y = 0 to about 
y = 400 nan. Beyond this value the angle of twist remains practic­
ally constant. This behaviour is consistent with the values of 
torque which are larger near the column and approach zero at mid­
span.

Although in two cases (eastern spandrel in model 4 and west­
ern spandrel in model 5) the maximum twist appears to occur at 
about y = 800 mm, and the twist at mid-span is less than the max­
imum, this behaviour cannot be accounted for. The angles of twist 
are of course quite small, and the decrease at mid-span is indic­
ated by measurement at only one point (y = 1350 mm). It is pos­
sible that the apparent anomaly is due to experimental error.

Deflections of Slab

Figures 6.2.21, 6.3.21, 6.4.21 and 6.5.21 show deflections 
of slab. These load-deflection curves are all similar and are 
typical of the nature of behaviour observed in significantly 
under-re in forced concrete F.er ber- . Maximun deflections occurred
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at the centre of the colurrn line A3 due to the nature of the 
boundary conditions adopted in the tests. Even these deflections 
are small at service load and design ultimate load. For instance, 
the average maximum deflection at service load was less than 
span/2000 and at design ultimate load was less than span/1000-.

The measured deflections could be predicted using any one of 
the standard deflection computation methods (e.g. Branson's method) 
available in the literature. However, no such calculations are 
given here because of the small order of magnitude of deflections 
measured at service load.
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Chapter 8 

SUMMARY AND CONCLUSIONS

At external colunns of a building, considerable moment is 
transferred from the floor to the column in addition to shear.
Code provisions are quite inadequate for predicting the amount of 
moment transfer and for the design of the region around such a 
column. The mechanism of transfer of both moment and shear has 
not been \-/ell explained.

Some previous research has been carried out and theories ad­
vanced. Of these, the 'beam, analogy' theory is perhaps the most 
promising. However, there has been some doubt about the validity 
of the boundary conditions in previous tests. Hence in the present 
tests, a boundary was chosen rather more remote from the test area,
i.e. a rather more extensive model was used. Tests indicated that 
forces applied to this boundary had minimal effect in the test 
region.

Five models were tested, each representing two adjacent edge 
panels of a floor. Model 1 contained a floor beam and a spandrel 
beam. Ilodel 2 contained only a spandrel beam. Models 3, 4 and 5 
had neither floor beam nor spandrel beam adjoining the test column 
(column A). At the pin-jointed base of column A, reactions in 
three orthogonal directions were measured directly by means of 
load cells. Strain gauges attached to the slab reinforcement per­
mitted slab moments to be calculated and in some cases, by differ­
entiation, slab shears.

In the first two models, the main aim was to measure the
total panel moment and shear along the face of the spandrel
beam adjacent to column A, and also the distribution of these
forces along the spandrel. In model 3, the raid-span moment was
also measured. In models 4 and 5 the moment and shear, and V ,JTj 3at side B were also measured.

Several of the parameters were measured both externally by 
the load cells and internally by the strain aauges. These inde­
pendent measurements agreed quite well and the average of the two 
values would in nearly all cases be accurate to within 5%.
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Model 1 (with a floor beam) was very stiff and strong. Lit­
tle cracking had occurred at 2.2 x design ultimate load when the 
test was terminated. Of the total end moment M , about 80% was 
resisted by the floor bean and was transferred directly by bending 
into the column. This left only 10% to be transferred by torsion 
in each spandrel. The torsional design of the spandrels would seem 
to be not critical in this case.

In models 2, 3, 4 and 5 cracking occurred in the following 
sequence: (i) top cracking at the inner face of the test column;
(ii) bottom cracking at mid-span; (iii) top radial cracking 
around column A, especially in a direction towards column B (i.e. 
at right-angles to the edge of the building); (iv) extension of 
the crack at the face of the column (see (i )) along the face of 
the spandrel beam or spandrel strip; (v) torsion cracking in the 
spandrel close to the column.

At mid-span, where the slab steel was light, the yield moment 
was only marginally higher than the cracking moment. At the ends, 
with heavier top steel, the yield moment was considerably higher 
than the cracking, moment.

The progress of cracking was accompanied by redistribution of
the slab moments. As far as total panel.moments were concerned,
in. the uncracked condition the mid-span moment was about 60% of
the total static moment M . Initial top crackina at the columno -
faces increased slightly the magnitude of the mid-span moment
relative to the end moments. Thereafter, mid-span cracking and
steel yield gradually reduced the predominance of the mid-span
moment, which at maximum load was around 50%. The main conclusion
from this behaviour is that attempts to predict analytically the
magnitudes of n , and Mg are quite unnecessary. In view of the
capacity of the structure for moment redistribution, these three
moments may be expressed as simple proportions of The tests
suggest values of 0.4M , 0.5.M and 0. 6M for II,, and res- ^  o o o A M B
pectively, but the limited range of the tests is pointed out.

In addition to changing the relative values of 2'a, M?. and rî ,
cracking also changed the lateral distribution of these quantities
across the panel. In regard to , which was the primary research

n



The joint stiffness tests were carried out mainly for the 
purpose of determining the degree of loss of stiffness due to 
cracking. It was considered that such information could be useful 
in connection with earthquake analysis.

In models 1 and 3, joint A was rotated while the other five 
joints were left unmetred. In fact very little rotation would 
have occurred at corner columns C, D, E and F while some minor 
rotation would have taken place at joint B. In models 4 and 5 
joints A and B were separately rotated and in each case the 
moments M and Mg were both measured. By suitable analysis of the 
results (described in Section 6.4) values were obtained for the 
stiffness of joint A with B held fixed and similarly the stiffness 
of joint B with A held fixed.

TABLE 7.6 - Test Stiffness (kNm/radian) of Joint A with B Fixed

7.8 STIFFNESS TESTS

: Uncracked j! Cracked Severely Cracked
Model 4 joint A 5.2 x 103 1.6 x 103 0.55 x 103
Model 5 joint A 6.5 x 103 2.6 x 103 1.3 x 103

TABLE 7.7 - Test Stiffness (kNm/radian) of Joint E with A Fixed

r ........  ~ ..."f.. ...... ...] Uncracked i Cracked ] Severely Cracked
Model 4 joint B 7.9 x 103 5.8 x 103 5.2 x 103
Mode 1 5 joint B 18 x 103 7.5 x 103 ro • ro 103

In all cases, the stiffness of joint B is greater than that 
of joint A. This is due to the presence of a fairly shallow span­
drel beam. This has two effects. In the first place it spreads 
the joint rotation further along the edge of the slab. The rotat­
ion at joint B is not so localized and in consequence the slab 
stiffness is increased.

The other two tests carried out concerned joint A in r.odei 1, 
where there were both a spandrel beam and a floor beam, and joint
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at the centre of the colunn line A3 due to the nature of the 
boundary conditions adopted in the tests. Even these deflections 
are small at service load and design ultimate load. For instance, 
the average maximum deflection at service load was less than 
span/2000 and at design ultimate load was less than span/1000.

The measured deflections could be predicted using any one of 
the standard deflection computation methods (e.g. Branson's method) 
available in the literature. However, no such calculations are 
given here because of the small order of magnitude of deflections 
measured at service load.
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Chapter 8 

SUIHIARY AND CONCLUSIONS

At external columns of a building, considerable moment is 
transferred from the floor to the column in addition to shear.
Code provisions are quite inadequate for predicting the amount of 
moment transfer and for the design of the region around such a 
column. The mechanism of transfer of both moment and shear has 
not been well explained.

Some previous research has been carried out and theories ad­
vanced. Of these, the 'beam analogy' theory is perhaps the most 
promising. However, there has been some doubt about the validity 
of the boundary conditions in previous tests. Eence in the present 
tests, a boundary was chosen rather more remote from the test area,
i.e. a rather more extensive model was used. Tests indicated that 
forces applied to this boundary had minimal effect in the test 
region.

Five models were tested, each representing two adjacent edge 
panels of a floor. Model 1 contained a floor beam and a spandrel 
beam. Ilodel 2 contained only a spandrel beam. Models 3, 4 and 5 
had neither floor beam nor spandrel beam adjoining the test column 
(column A). At the pin-jointed base of column A, reactions in 
three orthogonal directions were measured directly by means of 
load cells. Strain gauges attached to the slab reinforcement per­
mitted slab moments to be calculated and in some cases, by differ­
entiation, slab shears.

In the first two models, the main aim was to measure the
total panel moment and shear along the face of the spandrel
beam adjacent to column A, and also the distribution of these
forces along the spandrel. In model 3, the mid-span moment was
also measured. In models 4 and 5 the moment and shear, and V ,rj 3
at side B were also measured.

Several of the parameters were measured both externally by 
the load cells and internally by the strain gauges. These inde­
pendent measurements agreed quite well and the average of the two 
values would in nearly all cases be accurate to within 5%.
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Model 1 (with a floor beam) was very stiff and strong. Lit­
tle cracking had occurred at 2.2 x design ultimate load when the 
test was terminated. Of the total end moment M , about 80% was 
resisted by the floor beam and was transferred directly by bending 
into the column. This left only 10% to be transferred by torsion 
in each spandrel. The torsional design of the spandrels would seem 
to be not critical in this case.

In models 2, 3, 4 and 5 cracking occurred in the following 
sequence: (i) top cracking at the inner face of the test column;
(ii) bottom cracking at mid-span; (iii) top radial cracking 
around column A, especially in a direction towards column B (i.e. 
at right-angles to the edge of the building); (iv) extension of 
the crack at the face of the column (see (i )) along the face of 
the spandrel beam or spandrel strip; (v) torsion cracking in the 
spandrel close to the column.

At mid-span, where the slab steel was light, the yield moment 
was only marginally higher than the cracking moment. At the ends, 
with heavier top steel, the yield moment was considerably higher 
than the cracking, moment.

The progress of cracking was accompanied by redistribution of
the slab moments. As far as total panel.moments were concerned,
in the uncracked condition the mid-span moment was about 60% of
the total static moment M . Initial top crackina at the columno *•
faces increased slightly the magnitude of the mid-span moment 
relative to the end moments. Thereafter, mid-span cracking and 
steel yield gradually reduced the predominance of the mid-span 
moment, which at maximum load was around 50%. The main conclusicn 
from this behaviour is that attempts to predict analytically the 
magnitudes of M , M.. and are quite unnecessary. In view of theA 14
capacity of the structure for moment redistribution, these three 
moments may be expressed as simple proportions of M . The tests
suggest values of 0.4M , 0. 5M and 0. 6M for I!,, and *' res-^  o o o A M B
pectively, but the limited range of the tests is pointed out.

In addition to changing the relative values of I'. , end i-L̂,, 
cracking also changed the lateral distribution of these quantities 
across the panel. In regard to M*, which was the primary research

a

objective, the distribution of this moment across the panel is



given by equations (7.1) and (7.2) before and after cracking res­
pectively. The peaking of the moment opposite the column face is, 
of course, more marked before cracking than after. After cracking, 
about 20% of the total moment liA is resisted by bending in the 
beam strip when a spandrel beam is present. This increases to 
about 40% if there is no spandrel beam and if the column is very 
wide.

Similar remarks apply to the total end shear V^, the distrib­
ution of which is given by equations (7.4) and (7.5) for the un­
cracked and cracked condition respectively. In the cracked 
condition, about 15% of the total shear is resisted in the beam 
strip when there is a spandrel beam, and about 25% v/hen there is 
no beam and a wide column.

There is thus considerable torsion and shear in the spandrel 
even in the absence of a spandrel beam, and more when there is a 
beam. Values of the bending moment, shear force.and torsion in 
the spandrel beam or strip are given by equations (7.8), (7.9) and
(7.10) respectively.

In models 3 and 4, a punching shear occurred at column A, 
though only after the flexural capacity of the slab had been real­
ized. The punching failure was initiated by a torsion-shear fail­
ure in the spandrel strips close to the column, followed immediately 
by shear failure in the beam strip. In model 5 a similar failure 
would probably have been reached if the test had been continued.
In model 2 the presence of a spandrel beam precluded the possibil­
ity of shear failure.

The need for adequate shear-torsion design of the spandrels
is emphasized by these results.

It was found, that the floor slab, by restraining the spandrels 
against longitudinal expansion (during torsional deformation) con­
siderably increased the torsional strength of the spandrels. Equat­
ion (7.14) indicates the extent of this effect, which should be 
taken into account in design.

The lateral distribution of the nid-span moment H,, did not
i  . .

substantiate current Code proposals. In the uncracked state the
colui.̂ i ourip resisted slightly B!ore that 0.5l*,r but after c r a c k i n a

i .  :



2 3 7 .

the distribution of M was nearly uniform. In model 5, which had 
very wide columns, the nid-span moment on the column line AB was 
slightly less than elsewhere in the panel.

The findings of both raid-span and ends suggest modification 
of the current practice of dividing the panel into column strip 
and middle strip. These tests suggest that for end moments a 
division into 'beam strip' (width cz + t) and slab strip (the re­
mainder) would be more meaningful, and for mid-span moments a uni­
form distribution across the whole panel would be sufficient.

Stiffness tests were carried out on some models by applying 
a moment to the slab-column junction at A and measuring the result­
ing rotation of the junction. In models 4 and 5 it was possible to 
perform the test also for junction B and to measure carry-over ef­
fects. It was found that after cracking the stiffness was only 
about 1/3 of that in the uncracked state. A shear failure at 
column A reduced the stiffness still further to about 0.1 of the 
uncracked value. Specific values are given in Table 7.9.
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