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SYNOPSIS 

Slender structures are elegant aesthetically. The Insufficlopcy, 

In knowledge of the real resistance to buckling of. very. slender 

reinforced concrete columns leads to an exaggerat. lon ofjhq sizeslof 

columns. 

_The 
examples of concrete compression members cited and constructed 

in Industry on a global basis suggestthat very slender columns have 

Inherent safety both from the point of view of the ultimate strength 

and stability. The strengths of columns given. by the'British codes 

would seem to be exceeded by many of the long slender reinforced 

concrete columns and struts which have been used Internationally. 

Both the theoretical and the experimental short term investigations 

have been carried out to establish the behaviour of hinged, very slender 

reinforced concrete columns at various stages'of axial loading. Forty 

three very slender reinforced concrete columns of. two different squarq 

cross sections with two sizes of longitudinal reinforcements with. lateral 

ties were cast. Slenderness rates, 
L A, were varied from 30 to, 79. 

Special factors'were obtained to relate the actu, al. 
Imodul-us 

of 

elasticity of concrete In columns at buckling failure to a knowledge 

of the initial modulus of elasticity of concrete in contro, l, cylinder 

specimens. Both theoretical and experimental graphs of load agal. nst 

moment, made dimensionless for critical sections of columns have been 

obtained. Dimensionless load-moment Interaction diagrams using material 

failure as the criterion have been superimposed on these graphs to show 

considerable inherent material strength of the tested columns near 

buckling collapse failures. 

A theory using toe fundamental approach has, been'developed to 

predict the deflected shape and moments along the, he-, Ights 
I-of,., 

the columns, 



at various stages of loading. The proposed theory predicts with good 

correlations the experimental deflections and mom ents of any'loading 

stages of the'columns. The theory has bben used to obtaln'the required 

variables, to arrive at the initial predicted design loads of the 

Investigated columns. Good correlations of the moments derived from 

observed strains have also'been obtained. 

The developed theory predicts satisfactorily the buckling collapse 

loads of the columns. Although the theory'has been'derived for axially 
I 

loaded very slender reinforced concrete-columns., it seems to'accept 
7. 

satisfactorily eccentricities of up to about 10 mm. This iias confirmed 

after extensive comparisons of the theoretical buckling collapse loads 

with the applicable tests of other authors. 

Creep In the columns-'Investigated*was discovered to be one of the 

major factors for serious consideration. ý This was conclusively revealed 

from the observations on the last two very long term creep tests on 

columns. The actual safe sustained loads for these very slender columns 

of slenderness ratios, ' L A, between 40 and 79 seem to be I between 33% and 

19% of the short term buckling collapse loads. The'reduced modulus 

approach to predict the safe long term sustained loads seems to give 

reasonable values'for 
LA 

ratios of 40 and 50. 

The recommendations given for the proposed design of very slender 

reinforced concrete columns'seem -to be adequate and simple'to use In 

practice. They are further simplified by the derivation of two equations 

for the reduction factors, R, for the slenderness ratios between 36 and 

40 and between 40 and 79 respectively. 

The investigation has proved that very slender reinforced concrete 

columns are very dangerous structural members, as they tend to have violent 

buckling failures. Nevertheless, It must be prudent not to design against 

disaster at any cost. This Investigation seemed to have enhanced considerably 

knowledge of the design of very slender reinforced concrete columns. 
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CHAPTER I 

INTRODUCTION 

Introduction 

Ultimate limit state theory 0,21 is generally used for the 

design of structures. This theory forezasts that no ultimate 

limit state would be reached in any proposed structure for example, 

by elastic or plastic buckling. Once the structure Is designed It 

Is checked for the serviceability limit state to assess whether the 

designed structure would serve a useful purpose In practice. This 

Is one of the numerous problems of an engineer. 

1.2.1 Nature of the problem 

Fine limits of design can be achieved using this theory. With 

strict supervision slender structure designs and erections are possible. 

Sometimes the high extra erection stresses imposed upon a slender 

structure are not v1sualised {7,112) and the graceful structure could 

collapse during erection. 

The difference between a safe and unsafe design Is in the amount 

of acceptable risks which have so far not been defined 0,21. The 

acceptance of this concept of risk N an Important step forward In the 

design values to promote study and research in this approach. Classical 

reliability theory {3} cannot be applied directly since the probabilities 

of failures of the allowable structures {1,4,51 that are socially 

acceptable must be very low. There are many complex loads and numerous 

modes of failures which make it very difficult to calculate the probability 

of failure of a structure. The knowledge and experience of the engineer 

are used to decide whether a structure designed on the pure probabilistic 

method {6} is suitable. What limits of slenderness it Is possible to 

reach in a structure, cannot be assessed only by developing a theory; a 



vast amount of actual experimental data Is of vital Importance for 

an Investigation to be of any use. Such Investigations are time 

consuming and expensive, nevertheless, very essential. 

1.2.2 Assessment of the desirability of the investiqation 

Ignorance of knowledge of the real resistance to the buckling of very 

slender reinforced concrete columns leads to an exaggeration of the size 

of columns. This then unnecessarily increases the dead load of the 

structural members. 

Haines and Harris {8} remarked that some structures erected in 

Russia and eastern Europe Incorporate compression members of extrew 

slenderness of the clear distance between end restraints to the least 

lateral dimension of structures to be 40 to 50. The use of such 

slenderness ratios seems to be common and it must be assumed that they 

are found to be satisfactory in Russig and eastern Europe {8}. 

The bridge over the Canimar river In Cuba (10} has slender 

reinforced concrete columns of slenderness ratio of 36.3. The bridge 

over the Bacunayaqua river {101 have columns of slenderness ratios of 

41. These columns could not have been designed to any of the then 

existing American Standard ACI 318 building code Oll. 

The high level viaduct over the river Derwent at Hobart in Tasmania 

has the main columns which are of precast sections stressed togjeýther and 

to the pile caps. New et al {12} suggest that these columns are 0.76 m 

(2 ft. 6 In) thick and 'varying in height from 16.76 m (55 ft. ) to 

42.67 m (140 ft). This suggests a maximum slendernests ratio of 58.3. 

The islands of Orust and Tjorn in Sweden are connected to the 

mainland by the Tjorn bridges constructed In 1958 {13,14) just to the 

north of Gothenburg. The most slender reinforced concrete circular 

approach columns are 36.88 m (121 ft. ) high and are 0.98 m (3.2 ft. ) In 

diameter giving a maximum slenderness ratio of 37.8. The columns are 
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regarded as built-in at both, ends having safety factors for dead loads 

and live loads of 1.3 and 2.0 respectively. The loads carried by 

each column are 200 tonnes dead load and 80 tonnes live load, and the 

largest bending moment-at., the base Is about 50. tonne metres {15}. 

Carlesberg brewary In Northampton, U. K. {161, constructed In 1973, 

has precast reinforced concrete columns In the fermenting cellar. These 

columns were propped-during construction and were considered as pinned 

at the top. and bottom In the final condition. The most slender columns 

have slenderness ratios of 36. , The calculations for slenderness were 

carried out'to the'British,, Danish standard and Swedish code of practice. 

The maximum allowable load and moment were 850 kN and 145 kN rýspectlvely. 

An increase on the allowable stress of 25% was Imposed upon when 

considering the effects of the wind forces on the co. lumns. 

Saenz and Martin {10} suggested that there could be an increasing 

demand for the use of more slender reinforced concrete columns due to modern 

architectural and engineering requirements. Their philosophy on these 

members Is worthy of note. - 
"To test supposedly centrally loaded slender 

reinforced concrete columns Is to en-t-er a field darkened by Imponderables, 

where exact mathematics gives way to approximate statistics, where there Is 

a subtle detail to think about In every tested piece. On loading, sl*ender 

columns turn out to be'llke snakes and behave as. such,, being In a sort 

of, unstable equilibrium as was predicted by Euler as far. back as 1744. 

Slender concrete columns are treacherous structural members, nevertheless 

they abound in beauty. " 

The exampl6s of concrete compression members cited and constructed 

In Industry on a global basis suggest that there Is a rojerve of strength 

from the point of view of the ultimate strength and stability of the 

very slender reinforced concrete columns. The strengths of columns 

given by the British codes {9,11 would seem to be exceeded by many 

3 



of the long slender reinforced concrete columns and struts which have 

been used Internationally. 

1.3 Object 

The object of this study was to Investigate very slender 

reinforced concrete columns subject to axial loading, so as to obtain 

a realistic knowledge of the buckling capacities of such columns. Design 

recommendations could then be made after essential experimental creep 

Investigations. Comparisons of the capacities-of columns with the codes 

of practice for the applicable slenderness ratios could also be made 

and the applicable results could be compared with the tests of other 

authors. 

1 .4 Scope 

Forty three slender reinforced concrete columns involving two different 

square cross sections each with a different size of longitudinal*reinforcement 

were cast. Slenderness ratios 
LA 

were varied from 30 to 79. 

An attempt has been made, using a classical approach, to predict the 

deflected'shape and the experimental moments and compared with the 

carefully observed behaviours of the columns at all stages of loading 

until buckling failures. 

Design recommendations for columns of slenderness ratios, 
L/'hp between 

30 aýd 79 have been made after essential experimental creep investigations. 

Computer programmes have been written applying the writer's theory to 

the experimental results to 

i) obtain the stress-strain relationships and to output various 

necessary parameters of the control specimens and the columns. 

ii) obtain outputs of axial load, experimental deflection, 

theoretical deflection, experimental moment, curvature, 

4 



, theoretical moment and percentage difference between theoretical 

and experimental moment of all the short term tests. 

obtain load-strain tables and to plot the load-strain profiles 

at various sections along the heights of the columns. 

iv) obtain load-deflection tables and to plot load-deflection 

profiles at various sections along the heights of the columns. 

Special factors have been obtained to relate the actual modulus of 

elasticity of the concrete In each column to a knowledge of the Initial 

modulus of elasticity of concrete of its control test specimen. 

Both theoretical and experimental dimensionless graphs showing 

the load-moment curves are drawn. Interaction diagrams using material 

fal lure as the criterion, have been superimposed on the load-moment curves. 

Al I diagrams are shown In appendix (C). 

Moment curvature relationship {741 curves have been drawn. Possible 

design moments and deflections along the heights of the columns have also 
iI been drawn. A further design curve has been obtained after essential 

creep investigations. 

Load-slenderness ratio 
L A. curves have been ob tained for two sizes 

of cross sections of columns Investigated and hence a dimensionless load- 

slenderness ratio graph has been obtained to show the effect of making 

parameters dimensionless {137}, as given in chapter 7 of this thesis. 

A theory has been proposed' to obta In the short term buck I Ing co II apse 

loads ot the columns under consideration and with the aid of +he design 

curve or the derived expressions for the reduction factors for the 

slenderness ratios between 30 and 79, design loads may be predicted for 

very slender reinforced concrete columns. Although the proposed 

theory Is for axially loaded columns, it seems to have a satisfactory 

allowance for accidental eccentricities. 

5 



CHAPTER 2 

0 HISTORICAL RESUME 

The behaviour of slender columns as stability problems have been 

studied by several Investigators. A comprehensive list of the research 

workers has been given by Martin et al {1151. 

Euler {27,281 was the notable investigator of the hinged homogeneous 

struts and propounded his Immortal expression of buckling. load as far, back 

as 1744. Ayrton and Perry {116,117) developed, the stability problem. using 

classical theory. Robertson f118} developed further the Ayrton and Perry 

formula and proposed a constant to be included In the Perry formula 

producing what was later known as the Perry-Robertson formula for struts. 

'. \ 

This formula is the basis of the present C. P. 449 for the design of structural 

steel columns. 

A comprehensive account of the theories of tangent modulus and reduced 

modulus by Engesser-in 1891 extended the Euler formula into the Inelastic 

range, It is given by Venkatraman and Patel {119} and Blelch {120}. 

These theories included an explanation of the puzzling fact that the apparently 

accurate reduced modulus theory leads to buckling loads higher than those 

observed in carefully controlled tests by Shanley {1201. He show3d that- 

the double modulus theory of Considere, assumed the column to remain straight 

until the critical load Is reached as In the case of the Euler theory of the 

perfectly elastic column. The double modulus theory does not take account 

of the possibility that upon reaching the tangent modulus load, bending of 

the column might proceed simultaneously with increasing axial load. 

The general inelastic theory of buckling was at first developed by 

Van Karman In 1910 assuming linear strain distribution and formulating the 

theory by using the actual stress-ýtr, aln relationship of the homogeneous 

material of the column. RoS and Brunner proposed a theory in 1926 that the 

deflected shape of a column may be replaced by a half sine wave. This . 

a 
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assumption means zero curvature and so an infinite stiffness at the 

ends of the column. Westergaard and Osgood 0-211 considered In 1928 

that the deflected shape of a column would be a part of ýi cosine wave. 

It was later concluded that this assumption was theoretically correct 

forsmall lateral deflections when the stresses in the columns were 

below the proportional limit of the homogeneous material. The results 

would become conservative when tnis condition of stresses Is exceeded. 

The Initial study of buckling of reinforced concrete columns Seemsto have 

been begun by Bauman {107} between 1930 to 1933. Principles proposed 

by MrmAn were used to predict the ultimate Icad. The relationship 

between the axial load, moment and strains was arrived at by tests on 

concrete prisms. Numerical Integration was used to determine the deflected 

shape of the column. Good correlation was reported between the theoretical 

and experimental results. 

Thomas {109) proposed a theory similar to Perry and Robertson {1181 

for long reinforced concrete columns in 1938 and reported various 

theoretical and experimental correlailons within the allowable accuracy 

in reinforced concrete work. 

Hanson and Rasenthrom {1221 tested the buckling strengths of reinforced 

concrete columns of, 
LA 

ratios of about 26 between 1945 and 1946 in 

Stockholm. Reasonable correlations between the theory and the experimental 

work was observed from their work. 

A major study was undertaken'by Hognestad't261 to investigate 

reinforced concrete members in bending and compression. A stress-strain 

curve for concrete was proposed by him after this Investigation. In 

1953 Ernst et al {1231 used the proposed theory by Westergaard and 

Osgood, in a further study of hinged reinforced concrete columns. Hognestad's 

{261 concrete stress-strain relationship In conjunction with the assumption 

of a part of a cosine wave deflected shape of the column were used In this 

work. Broms and Viest {571 extended the work of Ernst et al {1231 to 
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other cases of eccentricities. Buckling was stated as the failure 

modes of columns. They used moment-curvature and curvature-deflection 
I 

relationships to obtain critical eccentricities and lengths of columnsi 

Shape of a circular arc was assumed in a similar analysis developed by 

Sidebottom and Clark {1241. Chang and Ferquson {541 seemed to have 

reallsed that the assumption of a sine or a coS'ine wave or a circular 

arc for tne deflected shape of a column, and analyzing a section at 

which maximum moment occurs Implies that the stiffness of the column 

along its height Is constant. They used Hognestad's stress-strain 

concrete curve., derived the moment-curvature relationships for a series 

of loads and, used the numerical integration of curvatures along the 

height of the column and obtained the deflected shape of the column., 

Critical height of the column and eccentricity were obtained for the 

ultimate section capacity. Material failure was the criterion ofthe 

ana I ysi s. 

Saenz and Martin {101 In the meantime, developed an empirical 

formula of the Rankine type In 1963 and tested slender columns up to 

a slenderness ratio, 
L A, of 43. Most of the 

Nue /Nu ratios obtained 

were less than unity and at 
LA 

ratios between 35 and 43, these ratios 
I 

were of the order of 0.550 to 0.633, which do not seený to reflect 

the accuracy of thei r work. 

Pfrang and. Sless {1251 made use of the tremendous storage, capacity 

within the computer and Improved the method of analysis of Chang and 

Ferguson {541. The analysis was capable of studying the behaviour of 

a column at all stages till failure. Moment-curvature relationships 

for a column section of different load levels were obtained and stored 

in the computer. The curve of the moment-curvature relationship was 

approximated to. a number of straight lines. Column fallure. was Indicated 

when the equilibrium conditions were not possible. Pfrang and Sless {1261 
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developed the work further into the behaviour of reinforced concrete 

columns for various parameters including slenderness of the columns. 

Breen and Ferguson {55,71) employed essentially the same technique 

as Pfrang and Sless (125,1261 to analyse the behaviour of long cantilever 

columns subjected to lateral forces and columns In frames. 

The techniques of analyses just described involved the need for 

interpolation and generation of manent-curvature relation for every load 

level under consideration. Cranston {128,1291 developed the relaflon 

between moment, axial load and curvature for structural members. Frank 

et al {1271 also developed load-moment curvature characteristics of 

reinforced concrete sections. Manuel and MacGregor {59) and later 

Cranston {1301 developed the analysis further which included Interative 

subroutines. These subroutines removed the need to generate a moment- 

curvature relation at every load level. The analyses developed requi, red 

a column cross section to be divided ': nto a number of small strips. The 

subroutines developed, determine by numerical integration, the edge strains 

and curvature for a specific load and bending moment. Gvozdev et al {1311 

also used this method, but in addition fitted a parabola to the value of 

stress on every two adjacent strips before integration so as to seemingly 

removethe need foran excessive number of strips for the required accuracy. 

Cranston's {1301 computer analysis had special features of the facility to 

switch over to a solution corresponding to a specified, deflection instead 

of a specified load to help overcome the difficulties where two equilibrium 

positions exist near collapse load. The analysis was mainly based on 

material failure rather than buckling Instability. 

Robinson et al {111} described the forecasting of the buckling loads 

in reinforced concrete columns by the method of Faessel. A part of a sine 

wave was assumed as the deflected shape of the slender reinforced concrete 
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columns. A relation between load-eccentricity-curvature had been developed 

and buckling loads were arrived at by a computer programme from the 

relationship of eccentricity-curvature at buckling instabillty-ý The- details 

of the programme were not given for any further comments to be made. 

Their conclusions were that the computer programme developed .. gave short 

term buckling loads for symmetrical sections approximately comparable to 

any other available computerised methods. For unsynyletrical sections of 

average size of columns, more extensive testing would be required to 

confirm Faessel's method. The derived computer programme enabled 

calculations to be made with reasonable accuracy. It would require 

modification for Its use for columns under concentric loads. 

Faessel's method would give an approximate procedure for calculating 

sustained buckling loads of long duration. Extensive testing would be 

required to estab I Ish a broader basis of the programme than aval lable at 

present. 

Faessel's computer programme was used to calculate the buckling 

loads of 165 reinforced concrete columns tested by other authors {1111. 

Applicable test comparisons with the present author's work is given In 

chapter 7 of this thesis. 

Further U-shaped reinforced concrete columns of 
L/h 

ratio of 28.57,0111, 

were cast and tested to check the validity of Faessel's method for different 

shapes of the columns. Satisfactory correlations with test results were 

reported. Goyal 1411 and Goyal and Jackson {751 further investigated 

numerical methods making one change because they thought that the finite 

element method required high storage capacity. They Integrated the 

stress-strain relationship of Hognestad {261 across the section algebraically. 

An analytical procedure was obtained for the solution of non-linear 

simultaneously equations relating axial load, bending moment and edge strains 

using the Newton-Raphson {1321 method further simplified by Gurfinkel and 

Robinson {133}. The edge strains could be evalulated directly for a given 
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axial load, bending moment and cross section, without the need for large 

storage capacity within the, computer. Interpolation between the Tabulated 

data was, not necessary. 

The procedure does not allow the forecasting of buckling loads of 

concentrically loaded columns but It could be simulated by a small 

eccentricity Initially In the computer programme. 

The theoretical work was tested by short term testing of columns 

of 
LA 

ratios of 16,24, and 36. The longitudinal reinforcement provided 

in the columns does not seem'to be'in accordance with normal goO'd 

construction practice. It Is not usual to weld the links and further 

the reinforcements at the splays to the columns that seem to be bent 

downwards or upwards at the near face might have'contributed to the 

cracking at normal service loads of the columns. Had the columns 

been reinforced as in normal practice, crack patterns at collapse 

might have been different. The author considers normal construction 

practice as one of the important factors In the construction Industry, 

and research Investigators should accord with them. 

Westerberg {1341 developed a computer programme for slender 

concrete columns and tested the programme using some of the tests of 

other authors. The column slenderness ratios, 
L A. varied from 

12 to 41 with variable eccentricities. 'The average of short term buckling 

loads of 174 test columns was reported to be 1.08 with a to. lerance of 

+ 18 percent. Linear strain distribution across the cross section was 

assumed and the deflected shape of the column was determined so as to 

satisfy the conditions of equilibrium and deformation compatibility for 

the column length. The column was divided Into elements along the 

length and along a'cross section to take account of any shape of the 
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column cross section and reinforcement distribution. The programme 

developed was for symmetrical hinged columns having a constant cross 

section. 

Wu and Huggins {1351 developed similar interactive pro-cedure to 

Manuel and MacGregor {591 and simplified the analysis further by 

determining the flexural rigidity at a small number of sections along 

the length of a column and used Fourier series to approximate the 

deflected shape of the column. 

Jabaji {421 used the same technique as Goyal and Jackson {751 and 

Goyal {411 using algebraic Integration of the stress-strain curve 

across the section; obtained an Interative method by making initial 

assumptions for the deflected shape of the columnand bending moments 

were computed for certain sections along Its length. The curvature* 

at each end was computed by using a subsidiary Interactive procedurEj 

to define its strain profile. A new deflected shape was then calculated 

and compared with that initially proposed. If the agreement were not 

satisfactory, the whole procedure would be repeated using a new set of 

deflections. 

A series of test programmes was set up. The reinforcement and 

construction techniques were precisely the same as that of Goyal (411; 

the writer has exactly the same comments to make regarding no rma I 

construction practice for the investigation of Jabaji. All test columns 

had a slenderness ratio, 
LA 

of 24, and provision similar to Goyal's work 

have been made to al. low for the axially loaded columns. 

Gaughan {136} developed a computer analysis for slender reinforced 

concrete columns. Finite difference methods were used to develop a method 

In detail for a particular case of columns fixed at the base and prevented 

f rom I atera I def I ectl ons at the top, assuml ng symmetri ca I bend i ng. The 
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programme seemed to be less effective than that of Cranston {130} Ond 

Pfrang and Sless {1251 since the solution for the various parameters 

required a large number of equations compared to the arithmetic 

Integration along the column length. There did not seem to be any 

comparisons with the results of his experimental work or with the tests 

of other authors. 

Proctor f1421 tested hollow reinforced concrete columns having 

slenderness ratios, 
L A. of 2.5 and 28.78. All t. he columns tested 

had the same outside dimensions of column cross sections (200 mm x,, 100 mm) 

but with varying wall thicknesses. The slender columns were tested 

horizontally. The self weights of the columns were counterbalanced by 

balance-weights suspended at, intervals along the length. Two different 

eccentricities about the minor axis and one eccentricity about the major 

axis were used. The Investigation ýeemed to be mainly experimental and use 

of Euler formula was made to check the experimental axial buckling loads of 

slender columns. Tests were carried out on the broken pieces of a column 

to determine the moment of resistance, of the hollow test pieces about the 

minor and major axes. 

Good and excellent correlations have been reported In almost all 

the cited literature. The problems which are concerned with buckling 

and inelastic deformation properties of reinforced concrete cross sections 

have always been solved by one of the several numerical methods cited. All 

these methods are dependent for their application on the availability of 

Information relating to axial load, moment and deflection. It was however, 
I 

thought that the classical method could be used for-very slender reinforced 

concrete columns using the experimentally obtained stress-strain relationship 

of concrete. Initial modulus of concrete would be used and later modified 

by a computer programme to allow for the effect of slenderness on the concrete 

modulus. Various essential parameters of very slender columns are obtained 

which are'backed by extensive and Intensive experimental work and a comparison 

with the applicable tests of other authors. 
13 



CHAPTER 3 

THEORETICAL ANALYSIS 

3.1 Introduction 

The problem of very slender reinforced concrete columns is essentially 

one of deflections. The deflections add considerably to the moments In 

the columns. 

The resultant curvature at any section depends upon the load and the 

moment which In turn depends upon the deflection of the column at this 

section. 

Using. the Hognestad stress block {261 and experimentally obtained 

strains which are assumed to vary linearly, the calculated moments of 

resistance due to bending cons I derab I y. overest I mates the experimental 

maximum bending moments near buckling loads of the columns under 

investigation. 

The buckling loads obtained by using Eulýr fomula {27,28} do not 

seem, to predict the experimental'buckling loads accurately. The limits 

of application of the unmodified Euler formula are not the same as those 

for the slender reinforced concrete columns tested. 

Any rigorous analysis to cover the behaviour of such slender columns 

appears to be complex and most of the methods of analyses cited so far 

seem to make use of numerical methods In addition to empirical assessment 

to obtain expected correlations. 

An attempt is made to analyse very slender reinforced concrete 

columns pinned at both ends using a fourth order polynomial for the 

deflected shape of the columns. Use of the classicai theory Is made 

to calculate the curvatures and bending moments at a number of sections 

along a column length. I 
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3.2.1 Assumptions 

1. Plane sections remain plane after bending. 

2. Perfect bond between concrete and reinforcement. 

3. Shortening of the column under the direct load Is negligible. 

4. Shrinkage strains are considered to be uniform and are 

negligible for the-columns tested. 

5. Reinforcement has been considered as an Ideal elastoplastic 

material. Strain hardening, rupture and relaxation are 

considered to be negligible. 

6. Owing to accidental errors In mounting the test columns into 

the test rigs at x-L, the deflection of a column Is not 

assumed to be zero, but to tend towards zero. 

3.2.2 Theory 

Figure (3.1) shows the deflected shape of a column under an 

axial load P. 

Let the assumed theoretical deflected shape of this column be 

given by 

ao + alx + a2X 2+ a3 X3 + a4 X4 

where ao, al, a2, a3 and a4 are constants. 

At x=0, the theoretical deflectiono y=0. 

Substituting In equation (3.1) gives the constant ao =0 

dy 
= a, + 2a2x + 3a3x2 + 4a4X3 dx 

and 
d2y 

= 2a2 + 6a3x + 12a4X 2 (3.2) 
dx2 

d2 y-0 at x=0 because the moment at 
dX2 

x=01s zero. 
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Substituting this condition In equat. on (3.2) gives the constant 

a2 - 

Since the bending moment at x=L, the length of the column between the 

pinned ends, Is zero 

d2y 
=0 at this section 

dx2 

Substituting this boundary condition in equation (3.2) again gives 

6a3L + 12a4L2 =0 

a2 being equal to zero 

or a3 = --; 2a4L 

Therefoýe the theoretical equation for the deflected shape of a column 

Is finally given by 

y- alx * a4(X 4- 2LX3) (3.3) 

Let the experimental value of deflection of a section be v. 

For the errors In the experimental value of deflection, v Is to be 

a minimum when compared with the theoretical value of deflection, y at 

any section distance, x from the origin shown in figure (3.1), and 

summing such errors for the whole column height. 

y)2 = 

or E{v - {alx , a4(X 4- 2LX3)112 .0 

or E v2 2E valx -2E va4(X 4- 2LX3 

+ a12 X2 +2 ala4E X(X4 - 2LX3) 

+2 a4 ()(. 4 - 2LX3)2 .0 (3.4) 

To find the constants a, and a4 In terms of x, y and v and to make the 
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errors minimum, differentiate partially equation (3.4) with respect 

to a, and a4 and equate both the partial differentials to zero. 

a (3.4) 
2Zxv+ 2a, Z x2 Bal 

+ 2a4 Z X(X 4- 2LX3) 

equating this equation to zero 

, X(X4 2LX3) Exv (3.5) a, Z x2 + a4 r 

and 
(3.4) 2Z v(x 4- 2LX3) + 2alE x (X4 - 2LX3) 3a4 

+2 a4 Z(X 4- 2LX3)2 

which when equated to zero becomes 

a, E x(x 4- 2LX3) + a4 I (X4 - 2LX3)2 

=Z V(X4 - 2LX3) (3.6) 

Multiplying equation (3.5) by X(X4 2LX3) 

and equation (3.6) by Zx2 

a, E X2 X(X4 - 2LX3) + a4{EXI (X4 - 2LX3))2 

=EXVE X(X4 - 2LX3) (3.5a ) 

and 

a, EX2Z X(X4- 2LX3) + a4E X2Z (X4 - 2LX3)2 

=, EV (x4, - 2LX3)r 'X2. (3.6a) 

Subtracting equation (3.6a) from equation (3.5a) gives, a4 

Z X*v E X(X4 - 2LX3) -E x2Z V(X4 - 2LX3) 
a4 -z . 

(3.7) 
{1: X (X4 - 2LX3))Z -Z X2 1: (X4 - 7LX3)2 
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Using equation (3.5) 

al = 
xv a4 1: X(X 4- 2LX3) 

E X2 
(3.8). 

Finally the theoretical equation for the deflected shape of a 

column Is completely defined by equations (3.3). (3.7) and (3.8). 

3.2.3 Curvature 

The curvature, 
I 

at a section Is given by 
R 

d2y 

dx2 (3.9) 
R+ (dy 

2 

)2 ] 3/2 

dx 

3.2.4 Bending moment 

The bending moment In a column at a section distance, x froir. 

the origin shown In figure (3.1) Is given by 

M th m EI 

or Mx th - El 

d2y 

dX2 
(dy )2 ] 3/2 

dX2 

(3.10) 

Hence both the curvature and the bending moment In a column at any 

section can be calculated when the theoretical equation for the 

deflected shape of the column under any axial load,,, P, as defined 

by equations (3.3), (3.7) and (3.8) Is known. 

The experimental bending moment at any section distance, X 

from the origin shown In figure (3.1) Is given by 

m 
xex - Pv 
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where v Is the deflection at the section obtained experimentally. 

Ideally equations (3.10)'and Moll) should be equal. 

d2 y 

or Pv EI dx2 
3/2 (3.12) 

+ 
dyý 2 ( 
-C rx-) 

I 

For each column test, the Initial Young's modulus of elasti I city, 

E, Is obtained from the tests on control cylinder specimens. This 

value of the modulus Is Initially used for computing the flexural 

rigidity, El, of the column under test. 

To obtain the correlation required In equation (3.12) It Is 

necessary to obta In an overa II correction f actor, K whi ch wou Id 

also contain modifying factors to the modulus of elasticity value 

and other-modifying factors Including shape factor. This: overall 

modifying factor, K, must be multiplied by equation (3.10) to Obtain 

the correct mathematical model for the value of the theoretical 

bending moment, M 
xthp at any section distance x from the origin 

given In figure (3.1). 

3.2.5 Value of the overall facior, K. 

The correlation Is given by 

Mxex- -KM xth I (3.13) 

where M 
xex 

Is the experimentally obtained moment at the section 

distance x from the origin. 

For the variation to be a minimum for the whole length of a column 

under test 

E (Mxex -KM xt .h )2 must be minimum 

or G <( M2 
ex - 2K EM 

xth' 
M 

xex + K2 EM 
xth 

)=0 (3.14) 
RK 4- x 
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Differentiating partially equation (3.14) with respect to K 

or 
3 (3.14. ) 2ZMm+ 2KE- M7 aK xtho xex xth 

and equating to zero gives 

KZ M2 mm 
xth xth xex 

Em 
xth 'm xex or Kz- (3.15) 

1: M2 
xth 

The discussion of what this factor, K, could consist of, Is written 

elsewhere in this work. 

3.2.6 Estimation of the bucklinq load 

Using the classical theory, the experlmentalýbending moment at any section, 

x, in figure (3.1) Is given by 

K El xI which Is equated to Py. R 

or K El 
j! y 

- 
dX2 Py (3.16) 

+ 
dy 22 
dx 

The theoretical equation for the. deflected shape Is given'by equation (3,3). 
t 

Yu alX + a4 (X 4- 2LX3) (3.3) 

dv -3 
0*0 &- al + 4a4 X ---6a4 LX2 dx 

d2 
and a4 (12X2 12Lx) d4x, 
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L The maximum deflection occurs at X2 

y a, 
L 

a4 
L4 21-4 

max f 16 8 

L3 L4 
or Ymax a, a4 1-6 

at xL 
dy 

=0 2 dx 

d? 
a4 (31-2 61-2) and (34 

dx 

or 2 d 3 a4 L2 6x 

Using the fundamental equation (3.16) and 

substituting the derivatives at xL 2 

KEI (-3a4L2) Nu (al-L - a4 1-4) 2 16 

or N3- a4L2 KEI (3.17) 
uL (a, a4 

! 1-4) f6 

where Nu Is +he buckling load of the column under test. ' assuming the 

maximum deflection tends to approach Infin. ity. 

or N 
3a4L2 KEI 

U (8al - 3a4L3) 6 

or N 48a4L KEI 
u Igal - 3a4 Ll 

Rearranging equation (3.18) 

N 48a4L. L2 KEI 
u 

8aj- 3a4L3 L2 

or Nuax KEI (3.19) L 

where - -a 48a4L3, 
(3.20) 

8a, - 3a4L3 
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3.2.7 Derivation of Moments from Measured Strains 

Owing to the assumption that the distribution of strains across any 

column section Is linear at all applied loads the curvature at any section X. 

shown in figure (3.1) may be given by 

ICb-, Ca (3.21) 
TZ d 

where d is the distance between the two strain gauges at the edges of 

the side of the conýrete section under consideration as shown In figure (3.2) 

Cb and ca are strains given by the two strain gauges as shown In figure (3.2) 

Using the fundamental equation 

KEI x which Is equal to'the bending moment at the R 

section under consideration at distance x from the original. 

Using equation (3.21) 
(c b-ca M= KEI (3.22) 

xd 
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CHAPTER 4 

STRAIN MEASUREMENT TECHNIQUt 

4.1 Introduction 

Electrical strain gauges provide a rapid method of recording strains 

using a data logger. There Is some drift In the readings due to draughtý 

of air and thý accuracy of strain readings may be In some doubt. 

Demountable Demec gauges would take considerable time to record a set of 

readings. 

Acoustic or the wire vibrating gauges offer an alternative with 

comparable accuracy to Demec gauges and without the drift In the readings 

due to draughts. Acoustic gauges and its recording equipment are 

comparatively very expensive, but they are convenient to use because of 

their capabilities of the ease with which remote recordings for a large 

number of gauges can be done quickly. 

Owing to these reasons for all the short term tests, surface acoustic 

vibrating wire gauges were used for recording strains. 

4.1.1 Fundamental principle 

The vibrating 'wire strain gauge uses a principle similar to the 

sonometer. 

If a wire Is tensioned between two points and Is plucked In the middle, 

a transverse wave travels along the wire and Is reflected at the fixed end. 

A stationary wave Is set up In the wire corresponding to half wavelength. 

The frequency of vibration of the wire Is given by 

2L 

where L= length of the vibrating wire 

T= tension In the wire 

m= the mass per unit length of the wire 
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The wire length and the mass of the wire are approximately- 

constant 

fA Vr -T 

/-T 
3 where Amf frequency of vibration. 7L m 

The change In tension of the wire causes the change In strain 

since the Young's modulus of elasticity, ' c, Of'the wire Is constant. 

fa strain in the wire, C w 

4.1.2 Gauge factor and strain recording principle 

Strain In the wire Is given by 

Kf 2 

The constant K Is the gauge factor. It Is approximated to 

4 L2 p 

where P- density of wire 

E- Young's modulus of, elasticity of the wire 

9 -! Acceleration. due to-gravity- 

When making strain measurement the requirement Is to measure the difference 

between a satum reference strain and strain after application of load, 

shrinkage or other effect In consideration. 

The equation relating change of straln. to change of frequency Is 

K (f, 2 - f22) 

where fl frequency of vibration of wire before 

f2 frequency of vibration of. wire after 

the effect In consideration. 

26 



Since period frequency 

change of strain Is also given by 

K(1212) 
tj f2 

An electromagnet at the centre plucks the wire. It then transmits 

the signal to a recording device. The signal Is sent either as the 

frequency of vibration or the time required to complete a given number of 

cyc I es. 

Whilst It is Important for a gauge to be capable of measuring a 

wide range of strain It Is equally Important that the gauge Is capable of 

resolving very small changes In strain. Acoustic gauges have both these 

properties. 

Wire vibration measured In period has Improved resolution and a 

typical recording device Indicates the period-taken to count Pne, hundred 

cycles of wire vibration. {17,181. 

4.1.3 The vibratingwire 

A sl Iver plated piano wire 0.0254 mm (0.010 Inch) diameter Is used 

for the three types of acoustic gauges, with gauge lengths of 139.7 mm 

(51 Inches), 76.2 mm (3 Inches) and 25.4 mm (I inch) used for the 

experimental work. 

The value of the coefficient of expansion for the wire may be taken 

as 12.0 (+ 0.5)x 10 -6 per OC. This Is an Important characteristic of the 

dauge since It approximately corresponds with the coefficient of expansion 

of flint gravel and quartzite aggregate concrete {211 which forms a large 

proportion of the concretes manufactured in this country. This Is a 

valuable property of the gauge as the temperature changes gl\ýe equal 

expansion or contraction of both the gauge and the concrete structural 
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member, thus the changes In strains of other effects may be observed 

and studied. 

4.1.4 Strain range 

The useful strain range for the gauges used Is usually taken to 

be 500 - 1000 Herz although normally readings are possible both above 

and below this range. At 500 Herz, the strain In the wire of the gauge 

Is 750 x 10- 6. At 1000 Herz this fig'ure for strain-is 3,000 x 10- 6 
'$ 

which Is more than adequate for the investigations under consideration 

and for most other Investigations. The corresponding range of tension 

In the wire Is from 9N to 32 N (2 to 7 lbf) approximately {19}. 

4.1.5 Accuracy of readinps 

The accuracy of the strain readings depends on the resolving power 

of the recording equipment. The least sensitive of the portable equipment 

obtainable Is capable of resolving to within + 0.5 Herz. In terms of 

strain this corresponds to an accuracy of about + 1.5 x 10- 6 
at the lower 

end of the useful range and +3x 10 -6 at the upper end. The long term 

strain stability using pre-treated wire In a gauge Is observed to be better 

than 1.0 x 10- 6 
per year {171. 

The most sensitive of the portable equipment Is capable of resolving 

to + 0.05 Herz but the variability In the gauges themselves does not enable 

this accuracy to be utillsed. If a batch of gauges were plucked repetitively 

while subjected to constant strain, about one third of the gauges would show 

accuracy of consecutive readings to about + 0.1 Herz, about a further third, 

to + 0.5 Herz while the remainder would show consecutive readings to +ý Herz 

{19}. These variations are owing to Imperfections In the wire, magnets and 

anchorages and other unavoidable errors, such as creep and slippage of the 

wire at the anchoring points. When taking readings using portable equipment, 

a mean of several consecutive readings Is taken. Data logging equipment 
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when used should be set to scan at sufficiently frequent Intervals to 

enable'mean readings to beýobtalned. 

As the equipment Is more accurate ýt the lower frequencies tne 

tension In the wire should not be too high In relation to the expected 

strain range. When stresses cannot be forecast a mean range of 

750 - 800 Herz Is used. 

When using a variety of equipments for the same test, their 

comparative accuracy may be checked by using a standard reference 

tuning fork. 
- 

A reference tuning fork has been Incorporated In the 

equipment used In this Investigation. A systematic, error of up to 

4 Herz between different types of recording equipment has been observed 

during testing at the Road Research Laboratory {191. This type of error 

Is caused by differences In the built-in reference units. 
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CHAPTER 5 

COMPUTATIONS AND COMPUTER PROGRAMMES FOR OBSERVED AND THEORETICAL RESULTS 

5.1 Introduction 

This chapter describes the various param eters required to be used in 

the proposed theory and the computer programmes developed to facl litate the 

solution of the theoretical results In addition to the processing of the 

extensive data generated In the experimental work. 

5.1.1 Column properties 

For the reinforced concrete columns under consideration, the cross* 

sectional area of the equivalent concrete section may be written as 

Equivalent area, A -= A 
C' + (a 

e- 
I)A 

sc 

E 
where aeEs 

c 

Es Young's modulus of elasticity of the 

longitudinal reinforcementj 

E- initial modulus of elasticity of the 
C 

control specimens. 

The second moment of area of, the equivalent concrete column section 

Is given by 
% 

10+ ((a - I)A + 
IT (0)4x NJ (5.2) 

NA 12 e sc F 

where N= number of longitbdinal bars 

= diameter of longitudinal bars. 

5.1.2 Column sections 

For 100 mm x 100 mm column section shown In figure (6.4). using 12, mm 

mild steel reinforcement eqn (5.1) becomes 
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A= 104 + (a 
e- 

1) 452.389 MM2 (5.3) 

and equation (5.2) may be written as 

N. A. = 8333333. S + Oa 
e- 

1) 260576.064 + 1296H) (5.4) 

Similarly for 76. mm x 76. mm column section, figure (6.4) using 

10 mm ý mild steel reinforcement 

Equivalent area, A= 5776 + (a, 
e- 

1) 314.159 mm2 (5.5) 

I N. A. = 2780181-3 + Oa 
e- 

M32025.3219754 + 625 R) (5.6)' 

The radius of gyration, k, is given by 

k NA (5.7) 
/A 

5.2 Euler buckling load 

The Euler load for a homogeneous, isotropic column-with hinged 

ends Is given by 

Pe = 
112EI NA (5.8) 

le2 

where E Average Young's modulus of elasticity of concrete 

le equivalent length of column 

The Euler buckling stress may be written as 

cr E 
(5.9) 

5.3 Strain measurement for control specimens 

Readings on scale using Lamb's extensometer may be converted Into 

strain which Is given by 
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21-I) 106. X (5.10) 4 DD +A 
-L 

2 

where e= strain at any loading In micro strain 

D= rol ler diameter In Inches 

A= distance between mirrors in inches 

DD = distance from the rear mirror to the scale In inches 

X- reading on the scale In Inches 

GL - gauge length 

5.3.1 Stress evaluation of control specimens 

For cylindrical specimens 6 in diameter and 12 Inches high stress 

Is given by 

f- Load In tonf x 
2240 lbf/In2 911 

For rectangular prisms 4ln x 41n x 121n high stress may be written 

as 
f load In tonf x 140 lbf/In2 (5.2) 

5.4 Computer programmes 

Several computer programmes have been used to process the extensive 

experimental observations and to develop the theoretical work. FIQw char-ts 

for the subroutines and for the lactuallprogrammes are now 

described. 

5.4.1 Subroutine LINFIT 

This subroutine deals with standard least squares regression i-or 

the elastic linear range of any graphical form of output. 

Equation of the type 

y- mx +C Is used for this subroutine, 
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EXY EXZY 

where mn 
ZX2 

(F. X) Z 
n 

Ex". 
7. 

-. 
m 

5.4.2 Subroutine REGRESS. I 

Regress routine attempts to fit a straight line using the subroutine 

linfit, to the given data by using an Increasing number of data points 

until the data deviates so much that'it is not possible to fit'a straight 

line. This limiting deviation Is arrived at when the four consecutive data 

points are on the same side of the fitted line. The routine then fits 

polynomials of Increasing degree to the remaining points until the sum of 

the residuals stops decreasing. The maximum degree fitted Is six. The 

polynomial fit Is performed using the subroutine F4CFORPL {46). Figure (5.1) 

shows the flow chart for this subroutine. - 

5.4.3 Programme to evaluate experimental observations on control 

specimens and column properties. 

This programme Initially calculates the stress-strain from the 

observed values of load and Lamb's extensometer readings on control 

specimens-concrete cylinders and square concrete prisms. - It plots the 

stress-strain points for each specimen using subroutines, agraph {481, 

IInfIt,, and regress. Initial slopes of the straight lines give the 

Initial values of the modulus of elasticity of the concrete control 

specimens. 

The average initial modulus of elasticity for the three tests Is 

output. The programme also outputs the modular ratlop ae, equivalent 

concrete area of the actual section of the column, the second moment of 

area, the Initial flexural rigidity, the Euler b, uckling load using the 

initial average values of the modulus of elasticity of the concrete, the 
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Euler buckling stress and the radius-of gyration of the column section 

under consideration. The values of the buckling load and stress at the 

ultimate conditions require, modification, which Is discussed elsewhere. 

The detailed computer programme is given In appendix (G 

The f low chart In f Igure (5.2) gives detal Is of the operations carried out 

to arrive at the various values described for a column. 

5.4.4 STRCFIT Master Strain Computer programme 

This computer programme enables the extensive readings from the wire 

vibrating gauges to be converted into strains, atýýarlous positions along 

a column height, for various Increments of loads for any'teit. 

The data Is formatted by - Increasing load - which necessitates all 

the data being input before any computations are performed. 

For each position referred to as a channel In the programme, the strain 

Is calculated for each application of load. The-subroutIne regress Is 

used to obtain an equation for the load . strain curve and this curve Is then 

plotted. All the experimental points are also shown on the same graph. 

Initially the programme reads the maximum load used in a test. On 

some tests It was possible to observe the final no load readings of the 

wire vibrating gauges topredict the short. term residual strains. " These 

readings wpre taken after the end of a test under zero load. ' The programme 

accepts any load greater than the specified maximum load as this reading 

which Is Ignored for the plotting and curve fIttIng. The regression, in 

this programme assumes the first five pointsto be elastic and fits--. a straight line. 

5.4.5 STRCFIT2 Master Strain Computer programme 

This programme Is simular to the STRUM master strain programihe. On 

some tests there were negligible changes In strains Initially for low loads, 
I 

but as the tests progressed Increase In strains were apparent. In such cases 

Initial readings were not taken and the concentration was made on readings 

at the loads when the deflections of the columns under tests' were apparent. 

The programme for these types of testsassumes the first two points on 
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the straight portion and fits a polynomial to all thb remaining data 

points. 

5.4.6 Notes on the STRCFIT Programmes 

(a) All loads are to the nearest 0.1 tonf 

(b) 6at4 Is te rminat ed by a negative channel number. 

(c) It 0,2) is used for channel 
_I 

zero load 

E (1, I) is used for channel I final no load reading of a wire 

vibrating gauge. 

(d) The array ICH Is used to indicate which channels are used. 

(e) Programme assume s Initially X1 w Yj = 0.0. 

The detailed STRCFIT programmes are given In Appendix (G). 

The flow chart In figure (5.3) gives details of these programmes. 

5.4.7 Subroutine CURVENT for the theory__qiven In chapter -3 of this thesis 

The subroutine fits the curve 

alx + a4 X4 2LX3) (3.3) 

where the constants-a, and a4. are gi, ven by the equations (3.6) and (3.5) 

respectively. The equation (3.5) Is rewritten as 

SlS3 - S2S5' 
BB S4Sl -, S5z (3.5a) 

and the equation (3.6) is rewritten-as- 

S2 - BB x S5 
AA Sl (3.6a) 

where S, - FX2 p S2 7XYR S3 EY N4 2LX3) 

4 SS =T S4 ' EX - 2LX3 and X (X4 - 2LX3) 
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Having fitted the above curve the subroutine performs a least 

square fit to the equation (3.8) which Is of the form given by the 

equation (3.9) and outputs the factor K given by (3.11). 

Figure (5.4) shows the flow chart for this subroutine. 

5.4.8. PLOTCONC 2 Computer proqramme 

This program calculates the equation of the deflected shape of the 

column under any compressive load P. 

The flow chart In figure (5.5) gives details of this programme. 

The detailed PLOTCONC2 programme Is given In appendix (G). 

5.4.9 DEFLNPROF 2 Computer propramme 

Deflnprof 2 Incorporates master plOtconc programme which plots load- 

deflection graph from zero load to the near ultimate load of a col6n 

under tests for several column sections along the height of a colurin. 

Sections, In this programme, Is referred to as channels. Channels three 

to nine are specified. Figure (6.9) shows the various channels along a 

column height. The programme specifies to output the graphs for these 

channels using polynomials of fourth and fifth degrees., Usually fit 

three Is fitted in the output. This decision Is arrived at by the 

programme Itself. All the experimental points are also plotted on the graph. 

The maximum deflection occur at. the mid sections and usually the outputs 

of channels fouro five and six only are of importance for this Investigation. 

The data Is organised by loads, all channels for, a particular load 

being together. This necessitates, the entire data set being Input 

before the programme-can attempt any calculations. .0 
The flow chart In figure (5.6) gives details for this programme. 

The detailed DEFLNPROF 2 programme Is given In appendlx, (G). 

5.5 Computers and plotting systems 

Two types of computers - ICL 1905 of capacity 32K words and ICL 19045* 

of 192K words capacity to process the experimental data and to develop the 
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work were used In this work. , 

The store in the ICL 1905 computer was Inadequate and there was 

not any. curve plotting facilities available. Consequently the 

computer programme, to evaluate experimental. observatio. ns on control 

specimens and column properties, as described in, section 5.4.3) and 

the programme using the subrouting curvefit described In section 5.4.7 

were only run using ICL 1905 computer at Leeds, Polytechnic. 
I 

The remainder of the programmes described In this chapter needed 

larger store than 32K words In addition to the necessity of the use of the 

, curve plotting facilities. These programmes were run on ICL 1904S. * 

computer at the University of, Bradford. 

Initially Calcomp 563 plotter was available for curve plotting 

which was very slow compared with Calcomp 936/925 system which was made 

available when the investigations were nearing completion. 

5.5.1 Run times 

The programme described In section (5.4.3) required an average 

of I minute 15 seconds, per test whilst the programme using Plotconc2 

programme and the subroutine described In section (5.4.7) and comparing 

the experimental and theoretical results took between I minute and 

4 minutes for each test. Both the programmes were run on ICL 1905 

computer. 

Strcfit master strain computer programmes required between 19 seconds 

and 38 seconds, per test and Def Inprof2 used between 10. seconds and 25 

seconds per test. Calcomp 563 plotter took an average of 30 mlnutesýto 

plot one set of graphs per test, Of Ist the same plotting of graphs was 

achieved In about 4 minutes using Calcomp 936/925 system. 

46 



CHAPTER 6 

EXPERIMENTAL INVESTIGATIONS 

6.1 Introduction 

Almost all the experimental Investigations have been carried out 

during the change over period from imperial to S. I. systems of units. 

it was, therefore necessary that all the readings of all the tests 

were Initially In Imperial units and later converted Into S. I. system 

of units. All the test frames and the associated equipment and the 

moulds for casting-the reinforced concrete columns had to be designed 

and constructed using Imperial units and later converted Into S. I. 

system of units where necessary. 

6.1.1 Materials 

6.1.1.1 Cement 

Ordinary Portland cement to B. S. 12 {291 was used throughout the 

investigation. 

6.1.1.2 Aqqregates 

The aggregates used throughout was obtained from. the Hilton quarry 

In Derbyshire. It was crushed lrreg'ular quartzite, sizes 9.52 mm (JIM 

down to sand. 

All the 9.52 mm Q In) aggregate was sieved out, and the remainder 

was air dried and separated Into single sizes In the laboratory. Aggregates 

were recombined for each mix to give the following overall Initial grading. 

Nominal operature 
size (mm) 6.35 4.76 2.40 1.20 0.0006 0.0003 . 00015 

3/ 
B. S. sieve In 16 In 7 14 25 52 100 

Percentage passing 100 82.87 45.25 24.55 13.32 4.80 11.50 
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Air dried sand to the overall grading given below and according to 

B. S. 882 and 1201: 1965 {301 zone 2 grading given under table 2, was also 

used, to give the required workability of the designed concrete mi-x. 

Nominal aperature 
size (mm) 9.52 4.76 2.40 1.20 0.0006 0.0003 0.00015 

B. S. sieve In '/16 
In 7 14 25 52 - 100 

Percentage passing 100 98.75 
1 
80.80 66.55 51.25 19.50 4.50 

Both the air dried aggregate and sand were recombined and the final 

grading giving the required medium workability of the concrete mix is 

tabulated below: 

Nominal aperature 
size (mm) 4.76 2.40 1.20 0.0006 0.0003 0.00015 

B. S. sieve 3/16 1n 7 14 25 52 100 

Percentage passing 100 72.18 46.73 30.40 11.30 13.00 

The above final aggregate followed zone I grading specified In 

B. S. 882: 1965 {301 under table 2. of fine aggregate gradings, giving an 

average slump of 25 mm and compacting factor of 0.89. 

6.1.2 Reinforcement' 

The reinforcement used was In accordance with B. S. 4449 {31), 12 mm 

and 10 mm mild steel longitudinal bars were used as the main reinforcement 

In two different cross sections of the columns. 3.25 mm (0.128 In) diameter 

bars which were specif led as 10 gauge mild steel annealed bars having similar 

properties to the main reinforcement were `6sed as binders throughout the 

Investigation. All the steel required was obtained In one batch. 
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Several bars were tested for accuracy from the three different 

batches of the three different diameter bars. It was observed that 

10 mm and 12 mm diameter bars were within an average of 1.1 per cent 

and 4.0 per cent accuracy respectively, {21.10 gauge bars were 

within 2.0 per cent accuracy. Typical load-strain curves'are given 

In figures (6.1), (6.2) and (6.3). 10 mm diameter bars and 10 gauge 

binder bars did not have well defined yield points. For these bars 

the yield stresses and the corresponding strains were obtained by 

extending the elastic and plastic portions of the stress-strain curves 

as shown in figures (6.1) and (6.3). 

The bars were tested in tension on an 15000 lbf Avery machine 

as shown InpI ate (6.1 ) us I ng a Ll nd I ey extensometer over 50.80 mm 

(2 in) gauge length and on a 50 Tf Dennison machine using an Amsler 

extensometer over 200 mm gauge length. The stress-strain curve of 

the reinforcement bars in compression was assumed to be identical 

to that in tension. The average properties of the reinforcement'used 

are stated In tabl, e 6.1. 

Table 6.1 

Nominal diameter Actual cross- Yield Yield Modulus 
of -sectional stress strain of elasticity 

reinforcement area MM2 N/mm2 kN/mm2 

10 mm 80.26 300.42 . 00145 204.84 

12 mm 122.72 278.45 . 0015 214., 57 

3.25 mm 8.55 248.83 . 0012 214.49 

(10 gauge) 

The amount of the longitudinal reinforcement was so chosen that should 

such columns be designed and constructed in practice, a reasonable -load 

could be sustained by the columns. Serious practical difficulties In the 

placing and compacting of concrete Is not acceptable If the lapping of the 
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bars are required In the column. In the light of these requirements 

and In accordance with the codes, {9,1} 5 per cent of the gross cross- 

sectional area of the 76 mm x 76 mm columns and 4.52 per cent of the 

gross cross-sectional area of the 100 mm x 100 mm columns of the steel 

were considered suitable for this Investigation. 

6.2 Concrete 

Concrete was mixed In 0.17 cubic metre (6 cubic ft), Iinear'-rotating 

blade pan mixer. Considerable difficulty was experienced in arriving 

at the correct mix design to'cast satisfactory columns. The Initl6ily' 

designed mix had to be altered four 'times by further trial mixes. Initial ly 

clamp on to the formwork eccentric balance vibrator, made by Al Ian and 

Co. Ltd... was used. This was quite'un'sa. tlsfactory'and a special 1.5 horse 

power single phase 25.4 mm (I Inch) diameter poker type vibrator. -, having' 

6.71 m (22 ft) flexible drive cable, manufactured by the Power Tool Co. Ltd., 

had to be specially ordered for this lhvestigation. Various references 

{22,, 23,24,, 251 were referred to before a suitable concrete mix could be 

designed to cast satlsfactory'-ýery slender reinforced concrete columns. 

First vibrator caused considerable honeycombing In the concrete, 

whilst the poker type vibrator enabled perfect columns to be cast 

throughout the investigation after obtaining a suitable concrete mix 

of medlu-n workabillty. - 

The water cement ratio and aggregate cement ratio of the final mix 

were 0.50 and 4.00 respectively. 

6.2.1 Construction d-etalls 

Two cross sections, 76 mm x 76 mm and 100 mm x 100 mm with varying 

lengths of the columns were considered. .. Details of the cross sections 

are shown In figure (6.4). The stirrups In 76 mm x 76 mm column sections 

were at 76 mm. centres and In 100 mm x100 mm column sections-were at 

100 rmn centres In accordance with the code requirements {9,11. 
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All columns were cast vertically In two specially made double 

moulds comprising of channel sections and plywood panels. The rear 

panels were each 2.4 metres in height whilst the fýont ones, were in 

the unit of 1.2 metres. Two special equal angles were bolted on to the 

channel sections and a steel end plate was placed on top of these angles 

to obtain the precise required height of a column. The tops of all 

columns being cast were kept at the same levels. Prior to casting 

the mould units were treated properly with mould oil to ensure a finish 

acceptable In large constructions, when the columns were stripped from 

the double moulds. The reinforcement was assembled Into an accurate 

, 
ted up Into the mould and located precisely Into the sturdy cage and lif 

steel end plate at the top of the angles described above. This bottom 

steel plate had location holes for the longitudinal reinforcement. 

Special casting gauges were devised for both the cross sections to keep 

the reinforcements In exact position as concreting proceeded. The gauges 

were slid up as the casting progressed from the bottom to the top of the 

column being cast. 

Concrete was scooped Into the mould up to the, top of the first front 

panel and compacted using the vibrating poker. Precise technique In 

vibrating was required. This was gained Initially after-casting first 

seven columns using an external vibrator. This was very unsatisfactory 

and all the remaining columns were cast using an Internal Vibrating poker. 

The second panel was then bolted Into its position and concreted. This 

procedure was repeated till the required height of the column was cast 

when another steel end plate was fltteý over the reinforcement to ýap 

the column. 

Complete details of - the reinforcement mould, casting gauges and 

a stripped -100 mm x 100 mm section column are, shown In figure (6.5). 

-- 
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Plale (6.2) Casting gauges in position. 



Plate (6.3) Specimen reinforcement cage. 
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Precisely the same details were-applied to 76 mm x 76 mm sections column; 

the dimensions of the casting gauges and the double mould were changed to 

suit the smaller section shown In figure (6.4). Typical use of the casting 
k 

gauges Is shown In plate (6.2) and a specimen reinforcement cage Is 

illust , ra*#'ed In plate (6.3). The binders were'accurately made using a 

specially made jig shown in plate (6.4). A typical fabricated binder 

Is-also seen In this plate.,. 

6'. 2.2 Accuracy of column construction 

The fabricated double moulds were maintained to a high degree of 

accuracy throughout the, investigation. -investigation showed that the 

overall, dimensions of the two cross-sections were maintained to +, 2 mm. 

, Since the casting gauges were accurately machined, the accuracy of the 

positioning of the longitudinal relnforcementýhad also a tolerance of 

+2 mm. -Tests on overall stralghtness showed that the columns as cast 

did-not deviate more than +2 mm from lines joining the two ends of 

the columns. Straight lines joining the two ends were defined by a 

theodolite, when the c(? Iumns were. positioned into their, respectjve test 

riGs. Owing to accurate dimension control no specific measurements 

, of deviation from the nominal dimensions are mentioned in this study. 

6. '2.3 Control specimens 

Six 152 mm (6 In) cubes, six 152 mm diamete'r, (6 In) xý 3M8 mm (12 In) 

high cylinders and three 101.6 mm (4 In) x 101.6 mm (4 In) x 508 mm (20-in) 

long beams were cast together with each test column cast. Three of 

the cast control cylinders were used for testing for Indirect tensile 

strength of cylinders. In addition to this, three 152 mm (6 In) cubes and 

three 101.6 mm (4 in)x 101.6 mm (4 In) x 304.8 mm (12 In) long special 

prisms were cast when test columns numbers 17 and 18 respectively were cast. 
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The cubes and the special prisms were air cured. All the control 

specimens were prepared In accordance with B. S. 1881 : {32). Three 

further 152 mm-(6 In) cubes were cast for each of the tests given In 

table (7.1.6) and water cured. 

For some tests# six standard concrete briquettes were cast, 

In accordance with B. S. 12 {29}, for each test column. This test was 

abandoned after some time due to the breaking down of the test machine 

used for this purpose. 

6.3 Curl ng 
I 
Both the test columns and the control specimens were cast 

simultaneously. When the final levels'of the test columns were reached 

and cast, the top levels of the columns were capped with steel plates as 

discussed under constructional details. It was, therefore, not necetsary 

to cover the cast columns cast, with moist curlng'cloth and polythena 

sheets to avoid water loss for the first 24 hours. The'front of the forms 

were stripped after 24 hours after placement'of concrete, and then covered 

with thin polyth-ene sheets. The remainder of the forms were loosened two 

days later and the test columns were then covered with polythene sheets for 

further five days. Precisely the same routine was adhered to the control 

specimens cast. Both the test columns 'and the control specimens were 

removed from their respective moulds and transferred to the storage area- 

very near to the test rigs. The columns were stored In vertical posi. tions. 

All the specimens and test columns were left for air curing until required 

for testing. The moulds of the test columns were erected very near to the 

erected test frames. 

Test cubes required for water curing, were transferred to a humidity 

room where the temperature and relative humidity were maintained at -210C 

+ IOC and 95 + 5. per cent respectively, after the first 24 hours, and after 

marking for later Identification. They were kept In this room until required 

for testing. 
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6.4. Instrumentation. 

6.4.1. Test frames 

Initiation of the experimental investigation was made at Wigan and 

District Mining and Technical College. There was one available Dow-1-Y 

hydraulic prop, týst, rlg {331 in the Mining department. This rig. was capable 

of developing up to-250 kN (25 Tf) compressive force but It was not 

possible to test long slender reinforced concrete columns without 

considerable redesign and modification to the rig. 

Messrs. Gullick Ltd., Wigan In collaboration with the author undertook 

this work. Owen {341 suggested that loading through ball ends in a 

conventional testing machine was unsatisfactory because balls tended to 

stick and so transmit moments at high loads. He developed a. special 

plattern which applied loads through two cross knife edges In, the. same 

plane. Special working drawings were given to the author by Owen {35). 

The cost of producing the special platterns could not be approved by the 

College authority and the manufacture of the special platterns could not 

be progressed any further. Robinson et al (36) and Grimer {441 seem to 

have used the knife edges In developing their 
'test 

rigs although the 

platterns did not seem to be as elaborate, as'those developed by Owen {34). 

Westwood Hl-load rocker bridge bearings {371 - seemed to be an ideal 

and considerably cheaper alternative to Incorporate In'the test frame 

for, testing long slender cloumns. The Dowty hydraulic prop test rig 

was modified to take the Westwood rocker bridge bearings. 

It was feared that the testing of slender columns would be very 

dangerous {101. Careful attention was give, n to the fabrication of special 

fixed and removable guards. The test rig was redesigned to make It capable 

of height alternations to enable columns of several different slenderness 

ratios to be tested. 
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At this, stage the author took over an appointment In Leeds. Wilby 

{381 offered to take over the test frame using some of the University funds. 

It was transferred to Bradford University from Messrs. Gul I Ick Ltd., Wigan 

at the end of 1970. 

Further extensive modification swere then made to the test frame. 

The sliding surfaces of the Westwood bearings had two layers of aluminium,, 

backed by Polyfetrafluoroethylene (P. T. F. E. ). Owing. to the geometrical 

configuration of the test set up and relatively low levels of axial loads 

the bearings did not seem to act as true pinned ends, and further., 

modifications had to be made by inserting aI In diameter bal I in each 

bearing. Cranston and Sturrock {39) had similar difficulties In developing 

their test frame. 

The bearing at the bottom of the test frame was designed to rest on 

top of a purpose built 250 M (25 TO acoustic load cell. Restriction 

on the dimensions were placed and good long term stability was a prerequisite 

with minimum hysteresis. 'Low creep material was also required In addition 

to sensitivity to small Increments of load. A special drawlng, wasýprepared 

by the author and sent to Gage Technique Ltdo who supplied, the required- 

load ce II for the test frame {401. -I 

The complete assembly of the test frame and Its details are shown in 

figures (6.6) and (6.7) respectively., The acoustic load cell assembly 

and the details are shown In figures (6.8) and (6.15) respectively. 

The clear distance between the two channels of the Dowty test rig 

was unfortunately only 305, mm (1.0 ft). The pilot tests on first few 

columns'were carried out to establish the, adequacy of the frame. It was 

discovered'thaf the'test colum6'dnder the axial buckling loads touched . the 

test rig, and there were considerable difficulties In Instrumentation. 

These difficulties resulted In developing another test frame In the 

University laboratory. A clear distance of 584 mm (1, ft. 11, In) In this, 

second test frame solved the problem. Complete assembly of the test frame 
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and Its details are shown in figures (6.9) and (6.10) respectively. 

The acoustic load cell shown In figure (6.8) was transferred to this 

second test frame, which was ready for testing slender columns at the 

beginning of'1972. 

The fl. rs, t test frame was then used exclusively for, creep test 

observations for test columns under constant axial loads. Another 

load cell of 120 kN (12Tf) capacity was developed using'electrical 

strain gauges. The assembly of this load cell and the details of 

, thý connections of the strain gauges are shown In figures (6'. 11) 

and (6.12) respectively. A diagram of the Pendeford "multlmeter" 

portable transducer meter type C21 used In copjun. ction with the, 120 kN 

load cell electrical strain gauges Is shown In figure (6.13). 

The second test frame was satlýfactory for testing columns of 
L 

minimum slenderness ratio A of 40. Unfortunately this test 

rig could not hold an axial compressive load of more than 209.71 kN 

(21 Tf). Access to the third test frame which was manufactured In 

the University laboratory nearly In time to test the-last series of 

the test columns of slenderness ratio, 
LA 

of 30 was obtained In 

_1974. 
This third frame was capable of developing a compressive load 

of up to 2000 M (200 Tf) and is shown In figure (6.14) and In plate 

(7.16). 

This third test fram6 was manufactured to be a suitably stiff 

machine so that 1he strained energy stored in It when under test would 

be a minimum. The minimum stored energy In the frame would not affect 

the test and at buckling or at material failure of a-test column the 

release of stored energy would not cause sudden, fallure of the column 
I 

with'the probability of scattering concrete pieces of-the column flying 

at speed causing hazard to persons working In the laboratory. It would 
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then be possible to continue to take -: he necessary observations'up to 

very near failure load of the column. Both Goyal (411 and Jabajl{42) 

used the same type of test frames which were highly flexible. Jabajl {421 

described the failure of columns especially those loaded at small end 

eccentricites to be sudden and violent although Goyal did not seem to 

state this In his-work., Goyal madeýuse'of safety clamps which were adjusted 

continuously during loading so that if'and when a column failed only a 

small release of energy of the springs was possible before the springs 

were completely restrained by-the clamps. 

6.4.2 Loading unlts 

First test frame, cOnverted from Dowty hydraulic prop test rig 

had a 101.4 mm (4 In) ram which was designed to develop a load of 

250 M (25 TO. It was used in conjunction with Farnell pump unit 

maximum capacity of which was 69 N/MM2 (10,000 lbf/In2). 

The second test frame manufactured In the University laboratory 

was provided with Rhodes and Gill 200kN(2OTf)' double acting ram which 

was used In conjunction with Farnell pump unit. 

The third test frame which was made capable of developing 20OOkN 

(200 Tf) was provided with 300kN(3OTf) Enerpac ram. This ram was driven 

by the Farnell pump unit capable of developing 69 N/MM2 (10, OOQ lbf/In2) 

The positioning of various rams are Indicated in figures (6.6), (6.7) 

(6.10), and (6.14). 

6.4.3 Deflection gauges 

Two types of dial gauges. were used initially one type had a travel of 

12.7 mm (I In) and the otherhad a long travel of 25.4 mm (I In). One 

division on each represented 0.025 mm (0.001 In). The mid section and 

further two sections both above and below the centre section were Instrumented 

with long travel gauges and the remainder of the sections were fi>ýed with 

the short travel gauges. Unfortunately the gauges had to be set several 
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times d'uring the' test and It became'i very -time consuming''60i; ration to test 

any one column. After pilot testing of some columns it was decided to 

develop and manufacture ten special deflectometers or deflectionmeters In 

the workshop of the laboratory. 

After a considerable time a deflectionmeter with a travel of + 150 mm 

or a total travel of 300 mm was developed. -The dial face had 50 mm total 

readings graduated In half millimetre divisions. lt, was possible to read to 

the nearest one-tenth of a millimetre. T 1he gauge was operated by a wire 

which passed round a clock type lnvolut6"spring loaded drum of-precisely 

50 mm circumference. As the wire wound on or off the drum, the movement 

was shown by the deflection pointer on the 152 mm diamet6r graduated dial 

face with alumInium backing. 

Ten. deflectometers, described as above, weýe manufactured after a'-ý 

considerable lapse, of time before the testing of slender columns could be 

commenced again. Middle five sqctlons along a column height were proVided 

with these def lectometers. A typical drawing of 
'this 

type of meter Is 
<1 

shown In figure (6.16). The meters are also seen In plate (6.6). Details 

of positioning of dial gauges and. deflectometers are shown In figures (6.6), 

(6.9) and (6.14) 

6.4.4 Datalls of strain measurement 

,, Three-different. versions of surface acoustic strain gauges - 140 ! 'nm 

(51 in). 76 mm (3 In) and 25 mm (I in), were used throughout the Investigation. 

The gauges are detailed In figure (6.15). The coinnection diagrams with all the 

necessary strain meas urement details are given-in figures (6.17) and (6.18). 

Gauges numbers 102,3,4 and 6,7,8,9 as shown in figure-(6.17) were 76 mm 

(3 In) acoustic strain gauges. - 
These were stuck'as near to the top and bottom 

and readings taken to ensure that the loads were centrally applied to the column 

under test. 
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Owing to the comparatively small #ace available 25 mm (I In) 

gauges were stuck 
. 
between the 140 mm (51 In) gauges as shown In figure 

(6.17). 
i 

The strain measurement instrumentation on the first pilot test 

on the first column cast has been reported in {201, where various 

details of this test including the logging system recording the strain 

results are shown. It also shows the strict adherence to the use of 

removable and fixed guards should a violent failure of the column occur. 

6.5 Test procedure 

The test procedure for each column varied slightly In detail. The 

following sequence of operation was carried out before commencing a test. 

6.5.1 Preparation and checks 

Extreme care had to be exercised to handle very slender columns 

at the storage position, to bring them near the test frames and to 

mount them ready for testing. After Initial pilot testing, special 

top and bottom lifting clamps together with a special lifting. angle 

with lifting attachments had to be developed In order not to damage the 

slender columns In anyway during handling. Details of loop'for lifting 

by crane hook and careful removal of the columns from moulds and from 

the storage area are shown In figure (6.19). Plates (6.7), (6.8), and 

(6.9) respectively show typical three positioni of a column In clamps 

between the storage area and one of the test frames. 

A special universal clamp for mounting reinforced concrete COIL, mns 

with heights up to 7 metres and for column sections from 300 mm x 300 mm 

up to 600 mm x 600 mm has been developed by Freydlln {. 43). This clamp 

does not require any holes to be cast in columns. Readjustments of the 

clamp for various cross sections take only a few minutes and can be 

carried out at the casting position of columns. 
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Plate (6.7) Typical position of a column al transfer 

fr'om a mould to a test frame. 



Plate (6.8) Typical position of a column during handling. 
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Plate (6.9) Typical position of a column at a test trame. 
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When a test column was mounted In a test frame It was first 

checked for stralghtness. The variations In widths of the: square column 

were also checked. Various position for strain gauges, dial gauges and 

deflectometers were accurately fixed. The column was then just 

supported In the test frame by applying a small Initial load of 0.2 kN 

to 0.3 kN (50 lbf to 75 lbf). The strain gauges were accurately fixed 

In positions using "Plastic Padding". Special position plates with 

stops at the top and bottom ensured that the column ends were located 

In their precise positions as shown In figures (6.7) and (6.10). 

Accurate centering of the'test frame was ensured by the Initial design 

of the test frame but thl'S'was also checked by a special plumb line 

made for this purpose. All the strain gauges were connected to 

the acoustic gauge strain meter via the gauge selector and selector 

extension as-illustrated in figure'(6.17). 

A test column was loaded and unloaded by applying a' load of less 

than or a little more than 10 MOTO depending upon the slenderness. 

ratio and cross section of the column under test with the object, of 

establishing zero readings and forsettling-In of the pinned bearings. 

6.5.2 Loading and recording results. 

First of all the specially designed load cell, was checked-together 

with the pump units used throughout the investigation. The accuracy 

of the load cell as calibrated by-Gage Technique Ltd., was confl med 

using 500 kN(50Tf) Denison Testing machine: having grade A accuracy. 

Similar procedure was, -followed to check the pump units. The loading 

increments were nearest to 0.99 M (0.1 Tf). 
- 

Loading was applied In Increments up to the maximum load. Dial 

gauges and deflectometers were then systematically read from the top 

to the bottom and each strain channel was also read manually. 
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The strain data logger used during the pilot testing of the first 

column seem to take longer time to record the strains than by manual 

methods. Readings taken manually could be recorded direct on to a 

coding sheet ready for punching cards, whereas the readings from the data 

logger had-to be averaged over four readings per strain channel and 

transferred to a coding sheet taking'a considerably longer time compared 

with manuýl readings. ' The use of thiý strain data logger was abandoned 

after the first pilot test. 

The 25 mm (I In) wire vibrating gauges were very cumbersome to 

fix and'even after fixing them considerable numbers of them gave a lot 

1' of, trouble. The-use of these'gauges wa's continued right throughout the 

Investigation, but owing to the question'of their reliability In not 

being able to fix them'satisfactorily or otherwise, no attempt has been 

made to interpret the results Obtained from them in this present' 

Investigation. - However, reasonable results may be"Interpreted'in future 

to see if there were anj correlation In the transverse strains-recorded 

both In tabular and graphical form similar to all other"straln gauges 

readings. ' 

6.5.3 Test duration 

Considerable numbers of both strain and deflection readi ngs were 

taken for each loading Increment. An average number between twelve to 

fourteen Increments of loads per test was usual and each'increment 

of load required over twenty minutes to make the necessary observations. 

A short term test, therefore, required over four hours, not Including 

the necessary time to test the'-cOntro, specimens prepared as described 

in 6.2.3 to determine'the proper+y*of concrete used In"each test column. 

6.6 Temperature and humidity control 

The frames were erected In the laboratory where no temperature 

or humidity control was exercised other than that provided by the central 
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heating system. The heating system In the laboratory was usually kept on 

all the time and the variation of temperatures was generally between 16 oc 

and 250C and that of relative hum'idity was between 60% and 70% during the 

period of Investigation. 

6.7 Concrete properties 

6.7.1 Control cylinders stress-strain curves 

The control cylinders were capped with the plaster of Paris prior to 

the tests to ensure the, application of uniform. axial cokpressive loads. 
I 

3000 M (300 Tf) Denison, testing machine, of + 0.5% accuracy was used 

for these tests. Lamb's. optical extensometer having a gauge length of 

152 mm (6 In) was fitted to the, central 152, mm (6 In) height of the 304 mm 

(12 In) high cylinder. The cylinder. under test was loaded, to 190 kN (IOTf) 

several times to establish the correct zero. 

Loading was applied In increments up to the material failure of the 

control cylindbr and readings on the scale corresponding to loads were noted. 

The procedure described In B. S. 1881, {321,, was adhered to for this test. 

A special computer programme was written to evaluate-and output, the 

results In graphical form. Various other parameters required were output 

by this programme; the details of which are given under (5.3), (5.3.1) and 

(5.4.3). The strains were output In micro-strain values. 

6.7.2 Other control specimen tests 

Details of other control specimens cast are given under 6.2.3. The 

specimens were tested for flexural strength, compressive cube strength, 

Indirect tensile strength of cylinders In addition to'the tension tests 

made on standard briquettes to comply with B. S. 12 {291 for some Initial 

tests. The cross section of the briquettes tested were 25.4 mm (I In). 

square. 
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1 6.8 Shrinkage 

With the exception of pilot tests on, columns almost all the columns 

were tested between thirty one and forty two days after casting. Tho 

first column had to be'tested at fifty three days after casting owing 

to the circumstances beyond the control of having the first test frame 

ready for testing. 

Evans and Wilby {24} and Wilby {45} have shown typical relationship 

between shrinkage and age; according to, these relationships the shrinkage 

Is approximately constant after the age'of cast concrete is sixteen days. 

The strain is of the order of 0.00038. 

No specific measurement of the shrinkage was made, because of the 

age of the columns when tested was always much greater ihanýslxteen'days. 

The shrinkage was assumed to be a constant quantity which would cancel 

when load-ýstraln relationships of the test columns were plotted, 

6.9 Creep 

I Owing to considerable'intensl*ve and extensive work involved In short 

term testing of columns, creep Investigations were kept-to a minimum. 

The Investigations were carried out as far as to make It possible for some 

design recommendations to be made from the short term Investigations 

and studies. This Is reported elsewhere In this work. 
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CHAPTER 

EXPERIMENTAL AND THEORETICAL RESULTS 

7.1 Introduction- 1. 
Discussions of various factors affecting the results are 

presented, 

Comparisons of the behaviour up to the ultimate loads of 
Ithe 

columns 

In short term tests with those predicted using the derived theory are, made 

In this. chapter. 
ý -1 11 

The derived theory has been extended to compare, the results of the 

tests by"other authors. 

Two special graphs have been developed, to enable-very slender reinforced 

concrete columns design to be made when the graphs are used In conjunction 

with the developed formula for the ultimate loads. 

Graphs of ultimate loads against the slenderness ratios, 
L A, are plotted 

and compared with the Euler formula using the special derlyed factors. 

Further dimensionless graphs described as above demonstrate theuse of 

two different cross sections and longitudinal reinforcements of the columns 

tested. 

7.1.1 factors affectina the results 

Assumptions 

The derived theory is based upon Ideallsations which In actual practice 

can only be considered as approximations of the true properties. The theory 

is for a structure and not of the materials and, reasonably accurata, results 

should be reallsed. 

Since the columns under Investigation are very slender, material fat lure 

Is not considered and the strains reached are very low compared to the maximum 

allowable strain of twice the strain at maximum stress. 

The assumption that plane sections remain plane seems to be reasonable 

as long as the tensile strains are low. If concrete Is cracked the assumption 

of perfect bond between the reinforcement and concrete becomes an untrue 
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Ideallsation and In some cases leads to significant differences between 

the ; ctual curvature and the theoretIcal curvature at the section under 

consideration. Since the tensile. stresses In columns are very small,, 

reasonable accuracy In the theoretical curvature at a section might be 

expected. , 

7.1.1.2 Control cubes and cylinders and_prisms strenqths 

The strength of concrete In a column varies as. the compressive 

strength of the control specimens. The relationships amongst control 

cube strengths, control cylinder strengths and Ideal unlaxial compression 

failure stress in concrete are complex. 

Murdock and Kesler 1491-in their Investigation-reported that 

many factors affect the apparent compressive strength of concrete. One 

factor affecting the compressive strength Is the ratio of the length 

of the specimen, L. to Its diameter, d. For L /d ratios of less than 

1.3 there is a significant Increase In the apparent strength. There 

is little change In the apparent concrete strength 'when this ratio 

Is between 1.5 and 2.5. 

The actual results from any-tests-varies as-the size of the cubes 

or. cy, linders {4910 rate of loading and the'characteristics of the 

machine used for testing the control specimens {501. A change In machine 

characteristics may affect cube strength more than It does cylinder strength 

and so any such relationship Is only true for a given machine. The 

machine Induced variations may not be great but they are not likely to 

be negligible when superimposed on the other variable factors which are 

associated with concrete tests. 

Newman 1511 concluded that the ratio prism strength/cube strength 

is fairly consistent, Its value being 0.77 for a range of normal 

aggregates. The prism strength was obtained by uniaxial crushing tests 
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Table (7.1-1) Properties of concrete 

Comparison of tensile strength using control split 

cylinder and concrete briquette tests. 

Test Age 
at test 

ft 
2) (N/mm 

ft 
(N/mm2) 

No (days) split cylinder Briquette 

1 66 3.41 4.20 

2 19 2.82 1.69 

3 15 2.75 1.93 

5 53 3.71 2.47 

No further concrete briquette tests performed due to fail. ure of the 

apparatus. 

Table (7.1.2) Properties of concrete 

Comparison of concrete prisms crushing strength and 

control cylinder crushing strength. 

Test 
Age 

at test 
f 

pr 
f 

pr 
f 
pr/f I 

cy No (days) (N/MM2) (N/MM2) 

13 33 30.84 41.29 0.75 

14 33 35.23 43.88 d. 80 

For crusing strength f1 101.60 mm x 101.60 mm x 304.80 mm long 
pr 

(4 in x4 In x 12 in) specially cast prisms were used. 

1ý " 
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Table (7.1.3. ) Properties of concre--e 

Comparison of modulus-of elasticity of concrete using 

control cylinders and concrete prisms. 

Test 
No 

Age 
at test 

(days) 

Modulus 
E 
prism 

(kN/MM2) 

Modulus 
E 
cylinder 

(kN/mmz) 

E 
pr/E cyl 

33 29.75 

13-2 33 30.45 1.0ý 

13-3 33 25.26 0.85 

14-1 33 32.08' 

14; 2 33 31.45 0.98 

Average E 
pr/E cyl 

1 
0.95 

Modulus of elaslicity, E 
prism' 

determined using 101.60 mm x 

101.60 mm x 304.80 mm (4 in x4 In x 12 In) prisms. 
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Table (7,1. ý-. ) Properties of concrete 

Column 
No 

Test 
No 

Age 
at test 
(days) 

ff 
cI 

(N/mX 
f 
cu 

2) (N/mm 
weight of 

cube 
kg 

f* b 
N/MM2 

f t, 
N/MM2 

Young's 
modulus 

E 
(kN/rrm2) 

1 1 66 38.84 57.26 8.36 5.82 3.41 

2 Unsat I sf a ctory discarded 

3 Unsatisfactory discarded 

4 2 19 30.52 34.77 8.26 3.18 2.82 

5 3 15 34.41 36.09 8.21 3.79 2.75 

6 4 19 42.42 49.34 8.62 4.59 3.69 

7 Unsat I sf actory discarded 

8 53 33.05 44.33 8.36 4.78 3.71 29.12 
(29.90) 

9 6 39 35.61 44.91 8.04 4.05 2.72' 28.50 
(30.09) 

10 6C see creep ln vestigatlýns 

11 7 31 39.29 
1 

1 44.40 8.12 3.47 3.13 32.60 1 

(29.92) 

12 9C See creep in vestigations 

13 8 40 36.49 44.76 8.21 3.67 2.95 31.80 
(30.04) 

14 10 41 42.50 51.55 8.28 3.42 2.79 33.75 
(32.24) 

15 11 34 45.66 51.98 8.47 3.29 2.59 29.00 
(32.38) 

16 12C see creep I nvestigations 

17 13 33 41.29 45.19 8.13 3.47 2.97 29.75 
(30.19) 

18 14 33 43.88 51.05 8.07 3.23 2.98 32.08 
(32.09) 

19 15 33 45.66 47.69 8.16 3.6 2.74 32.09 1 
(31.01) 

20 16 34 48.43 51.18 8.17 3.71 2.73 29.77 
(32.13) 

21 17 damaged during test - discarded 
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Table (7.1.4. ) continued 

Co I umn 
No 

Test 
No 

Age 
at test 

(days) 

f 
C, 

(N/mm 

f 
cu 

(Nlrrtn2) 

weight 
of cube 

kg 

f b 
(N/mm2) 

f t 
(N/mm! ) 

Young's 
modulus 

Ec 

(kN/MM2) 

43 17A 28 25.75 32.32 7.93 2.77 2.35 26.50 
(25.53) 

22 18 41 38.20 43.62 8.09 3.25 2.55 30.86 
(29.66) 

23 22C See creep Investigations 

24 19 39 40.89 44.04 8.17 3.68 2.08 30.79 
(29.80) 

25 20 41 38.07 38.33 7.83- 3.39 2.43 25.89 
(27.80) 

26 21 34 41.11 41.33 7.93 3.73 2.59 27.59 
(28.87) 

27 23 32 37.84 42.62 8.09 3.61 2.38 25.83 
(29.32) 

28 24 32 36.60 40.30 7.99 3.55 2A 28.91 
(28.51) 

29 25 32 37.98 39.82 8.00 3.37 2.54 27.28 
(28.34) 

30 26 34 35.69 37.32 7.95 2.87 2.19 25.47 
(27.43) 

31 34C See creep inve stigations 
32 27 39 40.40 42.62 7.98 3.68 1.81 27.71 

(29. ý2) 

33 28 39 39.04 40.20 7.95 3.81 2.80 25.31 
(28.47) 

34 29 39 32.30 35.32 7.99 3.54 2.33 24.48 
(26.69) 

35 30 42 1 39.40 38.97 7.91 3.63 2.12 25.93 
1 (28.03) 

36 31 39 39.33 41.47 7.95 3.96 2.39 24.46 
1 (28.92) 

37 32 39 46.12 46.69 7.97 3.70 2.92 28.58 
(30.69) 

38 33 39 39.91 42.75 7.96 4.22 2.40 26.62 
(29.36) 

39 35C se e creep investigations 

40 36 31 38.56, 41.04 7.97 3.63 2.62 28.08 
(28.72) 

41 37 31 40.89 45. ý76 8.01 3.441 2.75 30.76 
1 (30.58) 

42 38 33 36.27 38.76 7.92 3.411 2.81 27.46 
(27.96) 
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Table (7.1.5. ) 
IPropertles 

of concrete 

Comparison of strengths of air cured and water cured 

152 mm x 152. mm control cube tests. 

Test 
No 

Age 
at test 

(days) 

f 
cu 

(N/MM2) 
air cured 

weight of 
cube (kg) 

air cured 

f 
cu 

(N/mm2) 
water 
cured 

weight of 
cube (N) 
water 
cured 

4 19 34.77 8.36 42.90 8.42 

14 41 51.05 8.16 48.93 8.28 

15 33 47.69 8.16 48.18 8.35 

16,34 51.18 8.17 53.06 8.28 

17A 28 32.32 7.93 29.74 8.03 

10 41 43.62 8.09 45.76ý 8.05 

19 39 44.04 8.17 46.47 8.27 

20 41 38.33 7. '83 38.61 7.98 

25 32 39.82 8.00 39.90 7.98 

26' 34 37. '32 7.95 39.47 8.15 

27 39 42.62 7.98 43.18 8.18 

29 39 35.32 7, ý99 37.18 8.12 

30 42 38.97 7.91 46.33 8.17 

31 39 41.47 7.95 47.89 8.16 

32 39 46.69 7.97 50.91 8.18 

33 39 42.75 7.96 43.76 8.15 

36 31 41.04 7.97 42.90 8.28 

37 31 45.76 8.01 43.19 8.03 

38 33 38.76 7.92 40.90 7.96 
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on 101.60 mm, x 101.60 mm x 304.80 mm lopq (4 In x4 in x 12 In) cast prisms. 

There seems to be a considerable difference'between the strength of a 

control cylinder specimen and the strength of a control prism specimen cast 

In the same way and from the same batch of concrete. Goyal {41) tested 

76.20 mm x 76.20 mm x 304.80 mm long (3 In x3 in x9 In) concrete prisms 

which had the same cross sections and cast In the same way as the columns. 

The strength of the prisms was-related to the strength of the control cylinder 

specimens. The ratio prism strength/cylidder strength averaged 0.73 although 

this prism strength was based on 0.715 x the cyl. inder strength. It coUld 

be reasonably assumed that there was almost a fairly co'nsta, nt,, relation between 

the cylinders-land the prisms strengths. 

Details of the prisms crushing strengths and the control cylinders crushing 

strengths obtained by the author are given In table (7.1.2). The ratio 

prism strength/cylinder strength averaged 0.78. 

Lyse and Johansen [53) arrived at cylinder strength as 0.86 x the 

cube strength. 

The relationship of the ratios of the strength of different sizes of 

cubes and prisms to 150 mm x 300 mm long control cylinders {521 confirms 

size effects {491 as well as shape effects. 

Comparison of strengths of air cured and water cured control cubes 

tests Is shown In table (7.1.5). It Is observed that the water cured cubes 

In accordance with the B. S. 1881 (321 had higher concrete strengths than the 

air cured control cubes. There were three exceptions. Air curedýcontrol 

cubes for tests numbers 14,17A and 37 had slightly higher strengths compared 

with the water cured cubes. There Is no ready explanation for this 

reversal In strengths but a mistake could have been made In the Identification 

of the two types of Control specimens 
Ifor 

these tests. 

Table (7.1.1) shows the comparison of concrete tensile strengths using 

the split cylinder test described In B. S. 1881 132) and concrete briquette 
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tests {29). With the exception of the pilot test number 1, split cylinder 

tests gave higher values of the tensile strength of concrete compared with 

the briquette tests. 

Column strength from control specimen-strenqth 

Hognestad {261 proposed a variable factor between 0.8 and 1.0 to be 

multiplied to the control cylinder crushing strength to arrive at the I 

strength of a column. A factor of 0.85 was adopted by Breen {551, Broms{561, 

Broms and Viest {571, Chang and Ferguson {541, Green {58), Manuel'and 

Macgregor {591, Martin. and Olivieri-{60) and Mehmel, Schwarz, Kasparek and 

Makovi {60. Farah and Huggins {621 used a factor of 1.0 when the strength 

of a column was related to control cube specimens. Petersons, {631 deduced 

the relationship between the compressive strength ofýthe concrete In axially 

loaded short reinforced concrete columns and the concrete control cubes. 

His regression line shows that the compressive strength of concrete In short 

columns Is about 0.67 times the compressive strength of the concrete cubes 

at about 42 N/mm2. Maynard and Davis {64} came to the conclusion that 

f or most of the co I umns and wa IIs tested durl ng thei rI nvesti gati on,, the 

mean In situ strength at 28 days were found to range between 60 per cent 

and 70 per cent of the corresponding mean standard cube strengths. Evans {661 

discoverbd In 1926 that the variation In the in situ strength of concrete 

structures was about 20 per cent or more when compared with the, strength of 

I 
control specimens. The variation also depended,, upon the types of the mixers 

used for mixing concrete. 

ýlognestad et al {551 'tested concrete prisms of dimensions 127.0 mm x 

203.2 mm x 406.4 mm (5 In x8 In x 16 In)*. They arrived at a figure of 0.92 

which when multiplied by the strength of a control cylinder would give the 

in situ concrete strength when the structure Is cast from the same batch of 

concrete. 
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7.1.1.4 Model effect 

The ratio of the concrete strength in a column to the crushing 

strength of a control specimen Is Influenced by sizes of the cross- 

sections of columns. A definite pattern does not seem to have been 

established so far but this ratio is the same for columns having cross 

sectional dimensions larger than 150 mm and decreases for columns having 

smaller cross sectional dimensions smaller than 150 mm. 

The model effect on-this ratio can be minimised If the columns strengths 

are related with the crushing strengths of control specimens having the 

same cross sectional dimensions as the columns. A value of 0.92 for this 

ratio was used where the control specimens had cross-sectional dimensions 
I 

exactly the same as the columns tested {41,421. A factor. of. 0.90 was used 

when the control specimen had cross sectional dimensions of 120 mm x 120 mm 

and 260 mm long {67). 

7.1.1.5 Column casting positions 

Maynard and Davis {641 reported that for the, vertically cast concrete 

columns, the strength of the topmost region of a column Is approximately 

85 per cent of the strength, of the remainder. The affected region can 

extend as much as 500 mm below the top surface. Bloem {681, Hughes and 

Ash {691 specified that the position as-tested relative to as-cast 

position of a structural component affected the compresslveýstrength, 

whilst'Neville {701 discovered that the strength Is, unaffected by 

the casting position provided no segregation or excessive bleeding 

takes place. 

Breen et al {711, Elliot {721, and Gaede {731 Indicate that variations 

In the material properties along the, length of horizontally and vertically 

cast columns are given by the deflected profiles of the columns at different 

load levels. The deflected profiles of the horizontally cast mEirbers show 
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symmetrical configurations for loads less 'than three ýuar+ers of the ultimate 

load. The vertically cast columns denote symmetrical deflected profiles for 

loads up to one half Of , the collapse loads {261. Elliot {721 reported that 

at loads near collapse, the flexibility of the topmost region Is greater than 

the lower region of the vertically cast columns. 

7.1.1.6 Conclusions 

It seems, therefore, that the concrete strengths In columns compared 

with strengths of control specimens depend on the constituent materials of 

the concrete, the cross sections of the columns, casting Positions of the 

columns and size ai well as sh'ape of'the confrol specimens. 

Modulus of elasticity of concrete, c 
Values of the modulus of elastlcltý. of concrete were obtained usjng 

cylinder control specimens as described In (5.4.3) Some prisms contr6l 

specimens weýe also used. Details of the comparison of modulus of elasticity 

of concrete using control cylinders and control prisms are given In table 

(7.1.3). Details of the values of the modulus of elasticity of concn3te 

used for this Investigation are given In table (7.1.4), Val-ues of modulus 

of elasticity of concrete obtained by using the expression given in CP 110 

{11 using a partial safety, factor for strength, ym, of 1.5, are shown 

In brackets In table (7.1.4). Goyal {411assumed the values for Ec, given 

by the ACI Bui Iding code {4,1 whi Ist JabaJI {421 used an expression 

4700 V-TTr for this value in his work. Pauw {76) illustrated various form. uI ae 
c 

for E. and proposed an empirical formula, for E, depending upon the., density 
cc 

of concrete which was adopted by the ACI Building Code (4). 

There seems to be a remarkable correlation between the E valuesýobtalned c 

In this Investigation and the values of Ec obtained using the expression , 

given in CP 110 {11. 

7.1.3 Moment-curvature relation 

Typical momqnt curvature, relationships for columns have been illustrated 
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I 

by Cranston {74). The columns studied in this investigation have linear 

moment-curvature relations. 

These relationships for mld, section§ of the columns for ten different 

L 
tests Including all the slenderness ratios A, tested are shown In 

figures (D. 1) to (D. 10) given In appendix (D 
. 
). All ten graphs show 

non-linear points Initially Illustrating the Initial settlement due to 

machine Induced variations. 

7.1.4 Flexural rigidity-of concrettt__EC. L 

This is the basic value required to predict the collapse 'loads of 

the co I umns under I nstab III ty faII ures. The moment curvature re I at Ions hIp 

for concrete Is usually non-lineart but in this Investigation the response 

Is linear as described In 7.1.3. This may be due to the fact that týe 

longitudinal reinforcements In the columns In this Investigation are 

faitly large. 

The slope of the relation between moment, M,, and curvature, p, gives 

the value of Ecol. l... The ratio of this value to the value of Ecyll has been 

plotted against the slenderness ratio, 
LA 

as shown In figure (7.11). The 

flexural rigidity of the mid secti. ons of the columns seems to be constant 
L 

up to the slenderness ratio, A, of 65 and then it decreases rapidly 

between the 
LA 

ratios of 65 and 79. 

7.1.5 Factor k 

This factor takes Into account the model effect of the columns described 

In (7.1.1.4). It Is seen from table (7.1.3) that the average ratio of modulus 

of elasticity of concrete of prisms specimens to the control cylinder 

specimens Is 0.95. This'factor, therefore also takes Into account 

the shape of the control spechri6ns, In addition to the constituent materials 

of the concrete, casting. positions Of the columns described In (7.1.1.5), 

Initial crookedness and any-other Imperfections In columns.. 

The overall value of this factor k, when multiplied by the initial 

modulus of elasticity of concrete of the control specimens would represent 
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the absolute value of the modulus of elasticity of concrete at the 

axial load under consideration. A graph of the factor k, converted In 

a non-dimensTonal form, and the*slenderness ratio, 
L A, at ultimate 

conditions for the slenderness ratios between 30 and 79 Is shown In 

figure (7.12). The conversion of the factor k In a non-dimensional 

form allows for the effect of the change of gross cross sections of 

the columns. There Is a remarkable similarity of this graph and to 

that shown In figure (7.11). This leads to further conclusions that 

the factor k Is also directly dependenl on the flexural rigidities of 

the columns. 

The expression for this factor Is derived and stated In chapter 3 

of this study. This factor Is extrapolated and assumed to have a constant 

value from LA 
ratio of 30 to LA 

ratio of 20 to enable to test the theory 

developed, by using It to check the other authors i work. 

I 
7.1.6 Factor 

This is a dimensionless factor given by an expression (3.20) derived 

ln, c. hapter 3. It Is similar to the factor n2 In the Euler-- {27,281 

formula except that It varies'llnearly with the slenderness ratio, 
L A. 

as shown In figure (7.13). It tends towards the factor n2 at a slenderness 

ratio,, 
LA 

of about 80 as shown In the figure. 

Factor a has been extrapolated from LA 
of 30 to LA 

of 20 to 

enable to test the proposed theory with the other authors' work and to 

establish the validity of the theory developed for use with slender columns 

of 
LA 

ratio up to 20. 

7.2 1 nteraction diagrams 

For plotting the Interaction diagrams the equations used for material 

failure are given In appendix (A). Tension taken by concrete has been neglected 

From the discussion In (7.1.1) the maximum concrete stress has been computed 
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by us'knq the formula f 0.92x the strength of a control cylinder, f. 
cC 

The maximum strain, co, in the stress strain relationship has been 

assumed to be 2fc"/Ec, where Ec Is the inl+ial'modulus of elasticitY of a 

control cylinder specimen, given in table (7.1.4). 
1 

7.3. Results 

7.3.1 Details of columns cast. 

Thirty seven columns were cast for short term tests. The columns 

had varying slenderness ratios, two different cross sections and two 

different longitudinal reinforcements. Figure (6.4) shows the details 

of the cross-section Including the reinforcements. Details of the columns 

and test results are given In table (7.3.1). 

7.3.2 Experimental and theoretical test results 

Typical load-strain and load-deflection curves are given In figures 

(F. 1) to (F. 6) In appendices M. The complete outputs Including all the 

test, points on the graphs have been obtained by using the computer 

programmes detailed In chapter 5. Specimen output of the stress-straln 

relationship of the control specimens Is given In figure (F) in appendix 

(F). A part typical out put, for one short term test number 18 of load, 

experimental deflection, experimental moment, curvature, theoretical 

moment and percentage difference between experimental and theoretical 

moments along heights of the test column number 22 between the Initial 

load and the load near buckling collapse load, Is also given In appendix 

(F) . 

Dimensionless load-moment curves for mid sections of the columns, 

moments near ultimate buckling loads along columns heights, and deflections 

near ultimate buckling loads along columns heights are given In figures (C. 1) 

to (C. 58) In appendix (C). 

, The Interaction diagrams based on material failure and failing loads 

are superimposed on the dimensionless load-moment curves. 

Table (7-3-1) shows the experimental and theoretical ultimate buckling 
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Plaie (7.2) Failure ot pilol lest column no-I 



loads of the columns'tested. Comparison Is made with the results obtained 

by using Euler formula- Factors, k, derived by the author have been 

Incorporated In the Euler formula. 

7.4 Description of tests and discussion of test results. 

7.4.1 Pilot tests and initial difficulties 

First series of four satisfactorily cast columns were all regarded 

as, pilot tests. All the instrumentation and typical behaviour of very 

slender columns under axial loads had to be thoroughly studied and 

observed before a useful experimental programme of investigation could 

be worked out. 

Plate (7.1) shows the first rig and the first column cast in position 

for the first test. Frequent use of the guards was made as it was thought to 

be a dangerous test. 

An unusually high buckling load was recorded for a column of slenderness 

ratio, 
LA 

of 79 {201. It was discovered after the completion of -the test 

that a strong wire was wrapped round the test rig to prevent the pilot test 

column from falling out of the rig. This wire obstructed the column at a 

distaqce of 1.22m from the top of the column. The slenderness ratio of 

the +est column was# therefore, considerably reduced. The column finally 

failed by crushing of the concrete at a distance of 2451 mm from the top, 

as shown in plate (7.2). It was noted that the ratio of the length of 

the colur6n from the wire obstruction to the base to the length of the 

column from-the wire to the crushing of the concrete was approximately 

similar to the ratio of the length of the column between pinned ends to 

the length of the top of the column to the wire; substantially proving 

the effect of the wire acting as a lateral support. 

Columns cast numbers 203, and 7 were quite unsatisfactory owing to 

the lack of techniques In casting very slender columns. Plates (7.3), (7.4) 

and (7.5) show considerable hopeycombing between the casting lifts and bad 
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Table (7.3.1) Experimental and theoretical results compared with Euler 

Column 
No 

Test 
No 

b-h 
(mm) 

LA N 
ue 

M) 
Nu 

M) 
N 

ue/ NU 
Nu 

M) 
Euler* 

N 
ue/ 14 

u 
Euler* 

I 1 
'76 

79 41.85-- Pilot test 

2 76 Unsatisfactory-discarded 

3 76 Unsatisfactory-discarded 

4 2 76 79 14.95 Pilot test 

5 3 100 60.04 64.57 Pilot test 

6 4 100 60.04 48.82 Pilot test 

7 100 Unsatisfactory-discarded 

8 5 100 60.04 72.74 60.80 1' 18 63.70 1.14 

9 6 100 
1 1 

60.04 72.24 60.05 1.20 62.88 1.15 

10 6c 100 See creep Investigations 

11 7 76 79 1 29.89 1 22.031 1.35 21.72 1.38 

12 9c 76 See creep Investigations 

1'3 8 76 79 31.88 21.73 1.46 21.82 1.46 

14 10 76 79 21.92 22.39 0.98 22.19 0.98 
15 11 76 60.13 35.87 38.55 0.93 40.72 0.88 
16 12c 76 See creep Investigations 

17 13 76 60.13 39.86 38.20 1.04 40.72 0.99 
18 14 76 60.13 39.86 40.39 0.99 42.3E 0.94 
19 15 76 65 31.88 34.70 0.92 35.93 0.89 
20 16 76 65 37.86 33.45 1.13 34.6E 1.09 

21 17 76 Damaged during test-discarded 
- 

For 76 mm x 76 mm columns 
dA=0.77 P=5.00% fy = 300.42 N/mmZ 

For 100 mm x 100 mm columns 
dA-0.74 P-4.52% fy = 278.45 N/MM2 

* Derived factors k used in the Euler formula 

This table Is to be read in conjunction with table (7.1-4) 

cont. 
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Table (7.3.1) continued 

Column 
No 

Test 
No 

b-h 
(mm) 

LA -N ue 
M) 

Nu- 

W) 

N 
ue/N u 

Nu 
M) 

Euler* 

N 
ue/N uI 

Euler* 

43 17A 76 65 31.88 32.29 0.99 32.94 0.97 
22 18 76 70.09 33.88 28.92 1.17 29.64 1.14 
23 22C 76 See creep investigati 'ons 

24 19 76 70.09 25.91 28.88 0.90 29.59 0.88 
25 20 76 70.09 37.86 26.73 1.42 29.09 1.30 
26 21 76 75 19.93 23.21, 0.86 23.60 0.84 
27 23 76 75 21.92 22.71 0.96 23.16 0.95 
28 24 76 75 21.92 23.72 0.92 24.12 0.91 
29 25 76 50.13 53.81 52.59 1.02 56.49 0.95 
30 26 76 50.13 51.81 52.05 1.00 55.93 0.93 
31 34C 76 See creep Investigati ons 
32 27 76 50.13 59.78 52.98 1.13 56.89 1.05 
33 28 100 50 89.68 79.32 1.13 85.36 0.95 
34 29 100 50 71.74 78.03 0.92 83.77 0.86 
35 30 100 50 85.69 80.31 1.06 86.30 0.99 
36 31 100 40 114.59 118.63 0.97 130.80 0.88 
37 32 100 40 119.57 128.67 0.93 141.98 0.84 
38 33 100 40 119.57 123.82 0.97 130.22, 0.92 
39 35C 100 See creep investigations 

40 36 100 30 189.32 224.54 0.84 249.76 0.76 
41 37 100 30 219.21 236.24 0.94 262.11 0.84 
42 38 100 30 219.21 220.10 0.99 247.24 

. 
0.89 

1.00 0.95 
0.10 0.10 

a 9.99% 10.59% 

* Derived factors K used In the Euler formula 

Twenty tests out of twenty nine tests give better results 

using the derived theory compared with the Euler theory. 
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Plate (7.7) Test frame on the left for creep tests 
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finish generally. Full lengths ofthe co-lumns numbers 2 and 3 are seen In 

plate (7.6). These columns had to be discarded from the test programme. 

The techniques of casting very slender columns were discovered after 

losing the three columns described. Afu 11 p rog ramme of castl ng fu rt her 

columns was then set up. 

Ful I techniques of testing very slender columns were learnt after 

completing several tests. Even at this stage column 

fully Instrumented, was accidently loaded to buckling 

during Initial zero reading settlement. This further 

member to obtain any useful information from complete 

be discarded. Considerable time and labour, Involved 

for the test, were wasted. 

7.4.2 Description of Important features of tests 

number 21, after being 

failure by a technician 

column became a. -dsele(ss 

testing and had to 

In setting up this column 

The pattern of testing the columns and test rigsdevelopment has been 

described in chapter 6. Details of the results are given In (7.3.2). 

Plata (7.7) Illustrates column number 9 In position on the right In the 

second test rig developed, being a view of test number 6. The strain gauges 

were taken off and the photograph shows the type of bow Tr this column 

at buckling failure. The test rig on the left In plate (7-7) was used for 

creep tests when the second test rig was developed. Plate (7.8) shows 

the typical set up for the acoustic strain gauges meter and junction boxes 

for recording of strains on the platform. The platform was erected at about 

three quarter of the maximum heights of both the test rigs. 

Plates (7.9) and (7.10) show test number 6 at typical stages near buckling 

failure of the column number 9. Columns of extreme slenderness. ratlos, L A, 

between 79 and 40 showed similar features and behaviour when unde- systematic 

short term tests. There were practically no crack patterns to be observed 

because the load was released as soon as the deflections at the mid sections 
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Plate (7.9) Column number 9 near buckling failure. 



Plate (7.10) Column number 9 near buckling failure 
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Plate (7.11) Progressive increasing deflections of column 

number 43 in the shortlerm test frame 



Plate (7.12) Side view of progressive increasing 

deflections of column number 43 



Plate (7.13) Close up view of observed maximum 

deflection of the buckling column number 43 



Plate (7.14) Failure of column number 40. 



Plate (7.15) Close up view of the col lapsed column numbet 40, 



Plate (7.16) Column number 42 under test in the third test trame 
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Plate (7.17) Failure of column number 42 



Plate (7.18) Close up view of the fai lure of column number 42. 
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Plale (7.19) Crack pallet'n at failure of colurrin number 42. 



Plate (7.20) Failure of column number 42. 



Plate (7.21) Close up view of maximum crack width of 

column number 42 at failure 



Increased rapidly when the axial loads seemed to decrease. It was 

thought that the test rigs would be damaged if a column were allowed 

to increase the deflections until It came out of the rig or the spallin'g 

of concrete allowed would Injure the technicians and the author engaged 

In the tests. 

The test features and behaviour paTtern of the last set of columns, 
L 

numbers 40,41, and 42 of slenderness ratio, A, 30 changed considerably. 

Column number 40 seemed to have a buckling failure load of 189.32 M 

(19.0 Tf). The twisting of the test rig occurred and this recorded buckling 

failure load was doubtful. There were creaking sounds and when the column 

buckled It jumped out of the test rig, as seen in plate (7.14). It was 

very hazardous as this behaviour of the column was not expected. The 

deflections of the column were very small until near its failure. Spalling 

of concrete occurred at the middle of the column on the compression side 

and cracks appeared on the tension side of the column as seen In a close up 

view in plate (7-15). Maximum width of the cracks was 5.08 mm and minimum 

width was 1.27 mm. The maximum observed bow was 42 mm at the centre line of 

the column. 

Test columns numbers 41 and 42, due to higher buckling failure loads 

t6an the other, columns tested so far, had to be tested In a much stronger 

third test rig described In, chapter 6. 

The pattern of, fallure was similar for both the columns. For column 

number 41 the crack pattern at failure was more severe than the crack 

pattern of column number 40. Maximum crack widths of 2.5 mm developed 

of the centre of the column. Cracks extended over 1., 5 m above the centrellne 

and over 190 mm below the centre section of the column. The maximum bow 

at the, centre of the column was observed to be 87.5 mm. 

The, test column number 42 which followed a pattern of test leading 

to Its failure Is shown In various stages in plates (7.16) to (7.21) 

Inclusive. No further description of this test seems to be necessary except 

133 



that a maximum bow of 120 mm and maximum crack width of 5 mm was recorded 

at 350 mm from the centre section of the column as shown In plate (7.21). 

The bow of the colum -n at the centre section was 110 mm. Unfortunaielyýa 

chalk mark of the centrellne was made at 350 mm from the true centrellne 

of the column before the final stage of the test, by one of the technicians, 

which can be seen In plate (7.21). No cracks were visible below the centre 

section of the column. Minimum crack width of 0.5 mm were recorded at 190 mm 

and 290 mm above the centre line of the column. 

Columns - having slenderness ratios', 
L/h, between 40 and 79 had hardly 

any visible cracks developed In them at buckling failure loads. The final 

loads were released as soon as the columns began to deflect at the decreasing 

loads. This was done to save the test rig from being damaged and to protect 

the tecknicia'ns and the author from Injury. 

Owing to the fact that the column number 21 was accidently damaged at 

the commencement, of test number 17,, the last column number 43 of the same 

dimensions as column-number 21 was cast and this short term test was recorded 

as test, number l7kto replace test number 17. 

No further short term tests were to be carried out under this Investigation 

with, no anxiety if the test rig were then damaged. Column number 43 had 

therefore further rigorous testing to observe if any crack pattern could be 

developed. ', -. 

This decision taken was quite risky. It was clýn. gerous for further 

testing of this last column. The acoustic gauges were removed at near buckling 

load; a strong wire was tied loosely round the test rig to catch the column 

failing out of the test rig. 

The column was allowed to go on deflecting at a carefully monitored , 

decreasing load. Plates (7.11), (7.12) and (7.13) show the front and side 

views of this column under this condition of loading. Def Inite cracks were 
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developed and finally a crescent shape crack, 300 mm long and 25 mm wide 

at the centre of the crack, developed on the compression side of the 

column at 150 mm above the centre section as seen In plate (7.13). The 

column touched the loose strong wire and the load was released completely. 

All the cracks were marked so as to make their positions visible In the 

photographs. The column had a permanent bow as seen in plates (7.12) and 

(7.13). 

There was an overall shortening of 13.5 mm of the column height and 

a maximum bow of 216 mm at 150 mm above the centreline of the column. The 

main crack on the tension side was 3.18 mm wide opposite the formation of 

the crescent shaped crack. The other hair line cracks developed as are 

seen In plate (7-13)', extended over 1000 mm above the cehtre line and, over 

500 mm below the centrellne of the column. 

7.4.3 Discussion 

All the outputst of load strain curves, Indicate that the maximum strains 

In any columns throughout the Investigations were of the order of 370 microstrains 
I 

All the load-strain outputs were as expected. The load-deflection outputs 

followed also normal patterns. Appendix (F) shove typical outputs. When the 

load was altered by small amounts the deflectometers on occasions did not 

record Increase In deflections-. This may be due to the Inertia In the designed 

deflectometers or perhaps there were no deflections on occasions. This 

typical pattern output was observed throughout the investigation. The outputs 

of load-deflection curves were specified In fourth and fifth order polynomials 

but they were all output In third order polynomials, confirming the cubic 

deflected shape of the columns, 'when under the applications of point loads. 

The dimensionsless load-moment curves, given In figures (C. I. to C. 29) in 

appendix C, for mid sections of the columns stop far short of all the 
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Interaction diagrams based on material failures. These seem to Indicate 

that the failures of all the columns are due to buckling Instability. 

In general It Is observed from the load moment curves, that good 

correlations between the experlmental, ýthe proposed theory and the strain 

theory have been obtained throughout. Some variation In strain theory Is 

L apparent with the test results of the columns, of slenderness ratio, A, of 
II 

30. Similar trend is shown when moments al6ng the ýolumns heights near 

buckling collapse loads are compared. There are excellent agreements of the 

experimental deflected shapes of t6 columns near buckling failure loads when 

compared with the derived theory. There is no ready explanation for the 

apparent discrepancy In strain theory. It Is probably that owing to the fact 

that acoustic strain gauges were very sensitive to fixing of the tensioned 

wire between the two ends of each gauge, some gauge wires may have slipped 

a little from the anchor points. Unfortunately the gauges of the vital 

mid-sections of some columns came off In the middle of the tests. No strain 

theory checks were possible In these cases. 

The accuracy of predicting the ultimate buckling loads seems to be well 

within the acceptable limits of reinforced concrete work. It is seen from 

(7.3.1. ) that the buckling failure loads using the proposed theory and the 

Euler theory of 12 tests out of 29 have been overestimated, and the collapse 

loads for columns. numbers 11,13, and 25 have been under estimated, the 

maximum underestimation being 46 per cent. No pattern relating to any 

accidental eccentricities or any other parameters to this error can be discovered. 

Possible variation In the concrete mix or the workmanship in the standard of 

the longitudinal reinforcement along the lengths of the columns could attribute 

to this Inaccuracy. The assumptions In the proposed theory might not have been 

applicable In these particular cases. It seems that on these three occasions 

that the final readings of the experimental buckling collapse loads might 

have been In error. It was very difficult to judge the moments when the 
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columns had actually buckled and to take the readings of the load., 

cell at the precise moment for these, high slenderness ratios columns. 

Accordingly these results were not included In obtaining the average, 

standard deviation and the coefficient of variability of the short te7 

tests. 

The mean value of N 
ue/N 

Is 1.00, the standard deviation being 
u 

0.10 and the coefficient of variation was 9.99 per cent. Twenty tests 

out of twenty nine tests gave better results using the derived theory 

compared w ith the Euler theory as seen from table (7.3.1. ). The author's 

factors k were used In the Euler formula to obtain the Euler correlation 

'with 
the experimental collapse loads. Using the Euler. for the collapse 

loads, Nu, the mean value of N 
ue/Nu was 0.95 with a standard deviation 

of 0.10-and the coefficient of variation of 10.59 per cent. 
L 

The curve of buckling collapse load-slenderness ratio, A, between 

30 and 79 Is shown In figure (7.14). It follows the Euler curve. Two 

distinct curves for two different cross sections of the columns tested are 

apparent. The non-dimensional curve of 
N 

u/f"bh -LA shown In -figure c 

(7.15) converts the two curves Into a single curve. This combines the effect 

of two different cross sections which proved the effectiveness of non- 

dimensional quantities. This curve is applicable to very slender columns 

between the slenderness ratios 30 and 79. 

The curves given In figures (7.12) and (7.13) used In conjunction 

with the derived expression (3.19) in chapter three would predict the 

buckling failure loads of the columns having slenderness ratios between 

30 and 79. Although these curves have been derived for concentrically 

loaded columns, the theory seems to accept eccentricities of about 6 mm 

tolO mm. giving satisfactory results as Is apparant from the comparislons 

of the tests with other authors In tables (7.5). 

With the exception of tests numbers 36,37 and 38, there were hardly 

any visible crack pattern In other tests. This may be due to the fact that 

the axial loads were released as soon as the columns commenced to buckle 
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in order not to damage the test frame. Crack patterns usually appeared 

after the creep tests described elsewhere. 

7.5. Comparlsions of the theoretical results with the tests of other authors 

The developed curves for the proposed theory shown In figures (7.12) and 

(7.13) are for very slender reinforced concrete columns. Both the curves 

have been extrapolated so that some comparisons of the ultimate buckjfng 

loads obtained using the proposed theory with the tests of other authors 

could be made. The derived theory is for non-eccentrically loaded columns. 

Accidental eccentricities seems to b'e adequately allowed for In the derived 

formula. This Is evident when the results are compared with the tests 

of columns having small eccentricities, of other authors. 

7.5.1 Tests of other authors 

There seemed to be few comparisons to be made with the results of the 

tests of other authors since the Investigation Is for columns of very high 

slenderness ratios. By extrapolation of the two graphs shown In figures 

(7.12) and' (7-13) it was made possible to compare the experimental and 

theoretical results-of the tests of other authors, with the results obtained 

using the proposed theory. The LA 
ratios of some columns have been as low as 20, 

well beyond the limit of the proposed theory. Some columns having small 

eccentricities have also been included to assess the type of eccentricities the 

developed theory would accept. 

The comparisons are given In tables (7.5.1) to (7.5.11). The results 

have been compared with Cranston {74), Robinson and Modjabi {1111 and 

JabaJI {42}. Their theories have been compared with other authors and their 
I 

Nue/N 
u 

ratios are Included in the appropriate tables (7-5) in this work. 

The proposals put forward by the European Committee for concrete for 

a column design was used by Cranston {74), who developed a column design 

method. This method was checked by comparisons with 200 results, to 
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Table (7.5.1) Gehler and HUtfer (first series) {106) 

Co 1 umn 
No 

,, 

b 

-(mm) 

h 
,> 

. 
(MM) 

d/h p 
(%) 

f 
cu 

, (N/MM2) 

fy- 

(N/mm2) 
eh 

IAI 24.1 282 0 

1A2 24.1 282 0 

IBI 24.1 282 0 

1 B2 24. 
ý 
1 282 0 

ici 25.9 282 0 

1 C2 25.9 282 0 

IDI 150 140 0.84 0.89 25.62 282 0 

1D2 25.62 282 0 

IIAI 24.3 337 0 

11A2 160 140 082 2.75 24.3 337 0 

Table (7.5.1) continued 

Column 
No 

LA N 
ue 

W) 

Nu 

M) 

N 
ue/N U 

N 
ue/N u Cranston 

N 
ue/N u Robinson 

et al 

N 
ue/N u Jabaji 

IAI 40 240 156 1.57 4.70 0.97 1.35 

IA2 40 260 156 1.66 5.10 1.04 -1.46 
IBI 30 390 265 1. ý7 3.07 1.13 1.49 

1132 30 400 265 1.51 3.15 1.17 1.53 

Icl 25 500 362 1.38 2.11 1.22 1.51 

IC2 25 540 362 1.49 2.25 1.31 1.63 

1DI 20 490 598 0.82 1.14 1.08 1.28 

I'D2' 20 550 598 0.92 1.28 1.23 1.44 

IIAI 40 330 326 1.01 2.57 1.09 1.45 

IIA2 40 350 326 1.07 2.73 1.73 1.54 

7 1.29 2.81 1.20 1.47 

a 0.30 1.29 0.21 0.10 

a 0.24 0.46 0.18 0.07 
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Table (7.5.2. ) Gehier and HUtter (third series) 11061 

Co 1 umn - -- No 
b 
mm) 

h 
(mm) 

d /h P 
M 

1f 
CU2) 

(N/mm 

fy 

2) (N/mm 
e /h 

1/1 0.85 0.50 31.2 235 0 

1/2 0.85 0.50 31.2 235 0 

2/1 0.83 2.02 32.5 289 0 

2/2 0.83 5.61. 32.5 289 0 

3/1 0.80 0.89 30.0 275 0 

3/2 160, 140 0.80 0.89 30.0 275 0 

4/1 0.85 0.89 16.7 206 0 

4/2 0.85 0.89 16.7 206 0 

5/1 0.85 0.89 26.3 206 0 

5/'2 0.85 0.89 26.3 206 0 

6/1 0.85 0.89 32.7 206 0 

6/2 0.85 0.89* 32.7 206 0 

Tab - le 1 (7. -5.2) continued 

Column 
No 

LA N 
ue 

M) 
Nu 

M) 
N 
ue/N u 

N 
ue/N u 

Cranston 
I 

N 
ue/N u 

Robinson 
et al 

N 
ue/N u 

JabaJI 

1/1 40 174 157 1.11 6.00 0.58 0.87 

1/2 40 195 157 1.24 6.70 0.65 0.98 

2/1 40 218 210 1.03 2.12 0.62 0.86 

2/2 40 289 299 0.97 2.76 0.81 1.11 

3/1 40 325 163 1.99 1.81 0.79 1.00 

3/2 40 286 249 1.15 1.54 0.69 0.88 

4/1 30 272 232 1.17 3.10 0.94 1.00 

4/2 30 252 232 1.00 2.86 0.90 1.29 

5/1 
. 
30, 

_ 
310 276 1.12 2.63 0.85 1.10 

5/2 30 326 276 1418 2.76 0.90 1.15 
6/1 30 405 302 1.34 3.00 0.92 1.19, 

6/2 30 409 302 1.35 3.00 0.92 1.19 

1.22 3.19 0'. '80 1.05 

cr 0.27 1.56 0.13 0.14 

6 0.22 0.49 0.16 0.13 
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Table (7.5.3) Baumann f107} 

i 
C, 6 1 umn 

No 
b 

(mm) 
h 

(mm) 
d /h p 

(%) 
f 

cu 
(N/mm2) 

f 
y 

(N/MM2) 
e /h 

1 200 100 0.87 1.57 18.4 293 0 

IA' 200 100 0.87 1.57 19.7 293 0.08 

3 140 140 0.87 1.60 20.1 293 0 

-5 --177 139 0.87 2.50 33.0 281 0 

5A- 178 140 0.87 2.47 33.0 281 0 

6 198 98 0.87 1.62 29.9 293 0 

6A 200 100 0.87 1.57 29.9 292 0 

2/2 250 125 0.88 0.64 41.9 304 0 

2/3 "250 160 0.87 0.78 41.9 294 0 

2/15 247 161 0.87 0.79 41.3 294 0 

Table (7.5.3) continued 

Column 
No 

LA N 
ue 

M) 

Nu 

M) 

N 
ue/N u 

N 
ue/N u 

Cranston 

N 
ue/N u 

Robinson 
et al 

N 
ue/N u 

Jabaji 

32.1 264 260 -1.02 2.28 1.07 1.28ý 

IA 32.1 152 57 2.67 1.49 0.89 1.00 

3 22.9 343 446 0.77 1.01 1.00 1.13 

5 23.3 645 754 0.86 1.06 0.95 1.06 

5A 23.1 685 772 0.89 1.10 0.99 1.11 

6 32.8 390 252 1.55 2.80 1.11 1.41 

6A 32.1 -400 315 1.27 2.72 1.08 1.37 

.. 
2/2., 25.8 -695 602 1.15 1.93 0.82 1.04 

2/3 40.6 665 315 2.11 7.00 0.97 1.32 

2/15 40.5 550 345 1.59 5.50 0.81 1.10 

x 1.39 2.69 0.97 1.18 

CT 0.61 2.02 0.10 0.15 

I. 
61 Oý. 44 0.75 0.11 0,. 13, 

_ 
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Table (7.5.4) Pannell and Robinson {1101 

Co 1 umn b' h dh p f 
cu 

f e /h No (mm) (mm) M (N/mm2) (N/m 
y 

2) m 

IA 24.8 352 0 

2A 95 63 0.80 3.25 23.7 365 0 

5A 27.4 365 0 

Table (7.5.4) continued 

Co I umn -, No ýL/, h- N 
ue- - 

M) 
Nu" 

M) 
IN ue/N u 

N 
ue/N u 

Cranston 

IA 41.6 61 57 1.07 1.74 
2A 41.6 75 56 1.34 2.14 
5A 32.0 99 97 1.02 1.43 

1.14 1.77 
0.17 0.36 

Sý 0.15 0.20 

Table (7.5.5) Ramb6l {1081 

Column- b h d /h p f 
cu 

f eA 
. No (mm) (mm) M 

(N/mm2) 
y 

(N/mm2) 

33 143ý 0.81 0.97 34.4 294 0 

34 182 145 0.80 0.96 37.0 294 0.08 

35 183 144 0.70 1.71 33.3 294 0.17 

Table (7.5.5ý) continued. 

Column- 
No 

LA Nue 

M) 

Nu 

M) 

N 
ue/N u 

N 
ue/N u 

Cranston 

N 
ue/N u 

Robinson 
et al 

N 
ue/N u 

JabaJI 

33 30.1 494 355 1.39 2.88 0.95 1.14 

34 29.7 412 374 1.10 2.73 1.15 1.36 

35 29.9 235 367 0.64 1.62 1.04 1.40 

1.04 2.41 1.05 1.30. 

0.38 0.69 0.10 0.14 

6 0.36 

- 
0.29 

I-- 
-- 

0.10 0.11 
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Table (7.5.6) * Martin and Olivleri {601 

Column 
No 

b 
(mm) 

h 
(mm) 

d /h p fcyl fy 
1 

e/h 
, (N/MM2) (N/MM2) 

402.1 30.0 276 0 

402.2 127 90 0.80 2.50 24.3 276 0 

Table (7.5.6) continued 

Column LA N 
ue 

Nu N 
ue/N 

N 
ue/N 

N 
ue/N No M) M) u u u 

Cranston Jabajl 

402.1 40 147 118 1.25 2.23 1.00 

402.2 40 
1 

125 
1 

114 
1 

1.10 

--- I 
2.27 

I 
0.99 

Table (7.5.7) Ernst, Hromadlk and Riveland (123), 

Co 1 umn b h d /h p f 
cu 

f e /h No (mm) (mm) M (N/rnM2) 
y 

(N/MM2) 

4 152 152 0.83 1.23 25 15 357 0 

Table (7.5.7) continued 

Co I umn LA N ue 
Nu N 

ue/N* 
N 

ue/N 
N 

ue/N 
N 

ue/N No M) M) u u 
Cranston 

u 
Robinson 

u 
Jabaji 

et al 

4 25 450 357.63 1.26 1 . 60 1.07 1.15 

Table (7.5.8)'Mehmelt Schqarzt Kasparek & Makovi {611 

Column b hI dA p f 
cu 

f eA 
No (mm) (MM) 

I 
(N/MM2) 

y 
(N/mm2) 

4.1 
1 

253 150 
1 

0.83 
J 

1.25 

- 

40.5 
I 

500 
I 

0.16 
II 

Table (7.5.8) continued 

Column LA N 
ue 

Nu N 
ue/N 

U 
ne /N N 

ue/N No W) M) u , u u 
-Cranston .. Jabajl 

4.1 30 368 586 0.63_ 1.39_ 1.17 
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Table (7.5.9) Thomas {1091 

Co 1 umn 
No 

b 
(mm) 

h 
(mm) 

d /h p f 
cu 

(N/MM2) 
y 

(N/MM2) 
e /h - 

LC2 33.1 279 0.00 

LC3 29.7 334 0.01 

LC4 29.7 309 0.01 

LC5 31.4 305 0.04 

LC6 152 152 0.75 2.18 34.3' 327 0.04 

LC9 > 25.0 308 0.02 

LCIO 23.5 283 0.04 

PLC 1 23.5 310 0.06 

ýPLC2 
76 76 0.73 4.91 24.1 310 0.06 

Table (7.5.9)- continued 

'Column 
. 
No 

I L A N 
ue 

M) 

I 
N 

u 
W) 

N 
ue/N u 

N 
ue/N u 

Cranston 

N 
ue/N u 

Robinson 
et al 

N 
ue/N u 
JabaJI 

LC2 20. -S 540 722 0.75' 0.92 0.86 0.92 

LC3 23.8 480 561 0.82 1.12 0.95 1.04 

LC4 26.8 470 564 0 84 1.68 1.00 1.14 

_LC5 26 .8 460 575 0.80 2.00.1.18 1.24, 

LC6 23.8 450 563 0.80 1.33 0.97 0.99 

LC9, 26.8 360 508 0.71 1.50 0.96 1.06 

LCIO 23.8 370 390 0.95 1.40 1.01 1.12 

PLCI 33.2 81 91 0.89 1.65 1.15 1.37 

PLC2 3 3.2 82 92, 0.89 1.64 1.10 1.37 

0.83 1.47 1.02 1.14- 

0.83 1.47 1.02 1.14 

6 0.09 0.22 0.10 0.14 
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Table (7.5.10) Chang and Ferguson {541 

Column b h dA p f 
cu 

f eA 
No (mm) (mm) (%) (N/mm2) 

y 2) (N/mm 

23.34 338 0.07 

3 156 103 0.84 1.78 2,3.89 338 0.06 

6 33.58 400 0.06 

Table (7.5.10) 'continued 

Column' 
No 

LA N 
ue 

M) 

Nu 

M) 

N 
ue/N u 

N 
ue/N 

Cranst8n 

N 
ue/N ý 

Robinsgn 
et al 

N 
ue/N 

JabajY 

31' 168 227 0.74 1.42 0.85 1.01 

3 31 189 245 0.77 1.40 0.76 0.93 

6 31 198 259 0.76 1.32 0.86 -0.87 

x 0.76 1.38. 0.82 0.94 

0.02 0.05 0.06 0.07 

0.02 0.04 0.07 0.07 

Table, (7.5.11) Cranston and Sturrock 09). 

Column 
No 

b 
(mm) 

h 
(rnm) 

d /h p 
M 

f 
cu* 

fy e /h 
2) (N/mm 2) (N/mm 

8 55.0 420 0.15 

9 400 100 0.81 1.27 55.0 420 0.15 

10 55.0 420 0.15 

Table (7.5.11) continued 

Co I umn 
No 

L A N 
ue 

M) 

N* 
u 

M) 

N 
ue/Nu 

N 
ue/N 

Cranstoun 
N 

ue/N 
JabajY 

ý8 50 160 261. 0.61 1.78 0.85 

9 50. 170 261 0.65 1.89, 0.90 

10 5a 200 261 0.77 2.20 1.06 

0.68 1.96 0.94 

0.08 0.22 0.11 

6 0.12 0.11 0.12 
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demonstrate, the validity of, the method. This method has been the basis 

of design of columns. in, CP-110 {11. Revi6w of Cranston's work Is giv66 in 

Chapter, 2 of this work. The values-of f 
cu required for the design method 

were assumed-to be-1.25, times the recorded cylinder or prism crushing 

strengths. II 

Data required for tests carried out by Gehler and HUtter {1061 and 

Mehmel., et al {611 had to be taken from reference (741 as they could not be 

obtained from any other sources. The strength of the concrete in columns 

was obtained by multiplying factor 0.85 when related to fcytpand by 0.67 

when related to f. The modulus of elasticity of reinforcement was taken cu 
as 200 kN/mm2 throughout. The effect of tensile strength In concrete 

and shrinkage were considered to be negligible. 

The mean, the standard deviation and the coefficient of variation 

for the other authorst tests Including the results given by the developed 

analysis are given at the end of tables (7.5.1) to (7.5.11). The reason - 

for some high or, low N 
ue/N ratios arrived at using the proposed thepry seems 

u 
to be that the tests. eccentricities were outside the limits of the theory. 

The tests shown, In tab I es numbers (7.5.1 ) to (7.5.4) area II for axI al Iy 

loaded columns with the exception of one test on. column IA by Baumann. flo), 

which had an eccentricity, as shown In table (7.5.3). This column IA -test 

gave N 
ue/N u -, 

rat lo of 2.67 which Is much higher than the other ratios for 

other tests In his series. Tables numbers (7.5.5) to (7.5.11) Include 

columns tests with eccentricities. It Is apparent from the tables that 

the proposed theory responds considerably to eccentricities. When the 

eccentricities are of, the order of 8 mm +he N 
ue/M ratios are within the 

u 
acceptable concrete structures limit. The proposed theory gives lower values 

for higher eccentricities, as expected. It seems to deal well with the - 

slenderness ratios between 30 and 40 when compared with the other authors'-tests. 
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It is apparent fr6m-these d1scusslons that the lower limit. to which 

this theory could be, used. is for the LA 
ratios of, 30 or slightly lower. 

ThIs'suggests that from this limit to the limit of, 
LA 

ratios of up to 

where columns are considered short other mathematical theories seem to be 

more appropriate, and accordingly most of the other authors did not seem to 

have an approach similar to the one developed In this study. 

Design method developed by Cranston {741 needs some comment since 

it Is the basis of CP 110 {11 design of columns. It Is observed thatýhls 

L 
method gives good agreement for slender coJumns of A ratios up to about 

20. For L /h ratios of 30, there seems to be an underestimation of column 
L 

collapse load and at A of 40 a pattern of marked underestimation with a 

considerable scatter of the results Is seen throughout. 

Further overall study of the tests in tables (7.5) suggests that the 

design method seems to respond well but v6ry conservative when the LA 
ratios 

exceed about 25. This leads to the logical thinking that the design method 

seemsto be incapable of allowing for buckling Instability. It uses the 

additional moment equation to allow for second order Instability deflections 

which appears to become more conservative as the columns become more and more 

slender. 

Both Robinson et al {111} and Jabaji {421 have used their analyses and 

produced N 
ue/N u 

ratios for each series of tests by other authors. They 

are all listed in tables (7.5) where appropriate. Their work Is reviewed 

in chapter 2 of this work. Their results compare favourably with other 

authors' tests. It Is observed that the theory of Robinson et 'al {I III 

does not give good correlations and tends to severely underestimate the 

.1L ýollapse loads for A of 40 as Is seen from table (7.5.2) where as JabajIfs 

{421 ratios seem reasonable and within the allowable accuracy In concrete work. 

This seems to suggest that the theory of Robinson et al {1171 has a problem 

similar to the design method. The design method makes the ratios conservative 

where as the ratios given by Robinson et al do not seem to be safe. Had the 
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tests not checked by other analyses, ' It would have meant that there 

would have been considerable likell hood of experimental error, but this 

Is not so as other authors Including the present work conclusively prove 

otherwise. The theory of Robinson et al fill) seems to need some 

modifications In such cases. 

7.6. - Conclusions-, 

- The proposed theory seems to predict very satisfactorily the buckling 

collapse loads between the slenderness ratios 
LA 

of 30 and 79. It also 

accepts eccentricities up to about 10 mm giving satisfactoryýtheoretical 

results. The-theory gives good correlations with the tests of other 

authors. 
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CHAPTER 8 

ESSENTIAL CREEP INVESTIGATIONS 

8.1 Introduction 

Considerable work on creep both in homogeneous materials and In concrete 

Is appare'nt from the. volume of published work. Creep has been usually used 

to denote,, the phenomenon of reduction'of'stress at constant stýaln or to 

denote, the phenomenon of Increase In stratn with time at a constant stress. 

-Creep investigations In a very slender reinforced concrete column, here 

Is referred. to as the Increase of-deformation of concrete with under a sustained 

constant, load or under a sustained constant stress. Creep strains developed 

are those In addition to the instantaneous s. train at the time of application 

of a constant load and hence a constant stress. 

Freshly-cast, concrete also shows changes In strain with time without 

application of an external load. This Is due to shrinkage or swelling 

In concrete. If the external stress Is applied soon after or before seven 

days shrinkage strains In addition to creep strains are expected. 

It is usual to consider shrinkage and creep as additive strains, for design 

and constru ctional approach when both the phenomena are allowed to occur 

together. , 
This approach Is In certain doubt as shrinkage and creep are 

dependent to each other to some extent. The effect of shrinkage on creep seems 

to Increase the creep. 

The columns for this creep-investigation have all been put under a 

sustained constant stress after such times as the effects of the shrinkage 

were minimum or at a non existent level. 

Creep In concrete seemsto be still at a stage of experimental work, 

Interpretat. lon. of data collected and formation of theories from the collected 

data. 

Owing to. the. limitations of creep Investigations In the work to the 
- 

observation of the patterns of creep behavlours, to make design 

recommendations from these behavlours, no discussions of the creep mechanisms 
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nor-'reviews of -the analyses developed to predict the Influence of creep 

on columns, and of the published creep work are undertaken. Th6 amount 

of the published work on creep Is very extensive and very comprehensive 
e 

reviews and discussions on creep are available In references {86,87,41,58). 

8.2. Factors, affecting creep 

Several factors affect creep of concrete. Some of them are more 

Important than others In determining the ultimate buckling loads of very 

slender columns. 

8.2.1. Age at the commencement of the sustained load 

The rate of creep is reduced with the effect of the Increase of 

strength with time for the same Initial stress-strength ratio when concrete 

Is loided'at an early age in Its strength materially. The total creep Is 

hlgher'ýor younger concrete as at this age.. the stress-strength ratio Is 

hlgher-{90,91,92). 

8.2.2. Strength Increase under sustained load 

Pollvka et al {89) and Neville et al 1881 reported that the rate of 

creep Is expected to be lower If there is higher rate of Increase In strength. 

Any Increase In the strength of a concrete specimen under a constant 

sustained stress seems to reduce the stress-strOb-9th ratio which reduces 

creep. 

8.2.3. Strength of concrete 

Neville (84) reported that forconstant mix proportions and the same 

type of aggregates, the creep strain was generally inversely-proportional 

to- the strength at the timat of application of the load for siml lar stress 

strength ratios of concrete. 

8.2.4 Quality of Cement and Apgregates 
I 
- Creep Is affected by the type of cement which Is related to Its 

properties and by the variation In the amount of the hydrated cement paste. 
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The variation In the amount of the hydrated cement paste Is related to.: the 

effect of. the quantity of aggregate In a cement. The larger the content of 

aggregates In concrete the more Is the restraining effect on creep of 

concrOfe. 

8.2.5. Stress-level 

Ward et al (931 Flolles and Green {941 and Goyal {411 have shown 

evidence that'creep strains are directly related to the Initial short 

term strains up to the stress levels of the order of 0.75 of the strength. 

There seems to be a linear relationship between creep strain and the 

applied stress at low stress levels. The upper limit of stress-strength 

ratio of 0.75 and the lower limit of 0.23 have been noted by Macmillan 1951 

and Freudenthal. and Roll {801 respectively. 

8.2.6. Model effect 

Laboratory Investigations on creep are usually made on ýiodel. speclmens. 

The Interpretation of the laboratory data obtained to Interpret the full scale 

stru'cýura'l members Is only a value of the designers. Investigations have 

shown that creep deýreases with an Increase In the size of the specimen. 

When the thickness of a specimen exceeds 900 mm the effect of size seems 

to be negligible. The shape'effect In creep does not seem to be properly 

investigated, but suggestions are that It Is relatively small and negligible. 

8.2.7. Effect of temperature and humidity. 

The effect of temperature In creep seems to be small and creeý Is 

considered to vary slightly with temperature for a range of 20 0C to 800C. 

Humidity however, effects creep considerably for drying concrete the 

'rate of creep' Is higher than for concrete at a constant humidity. Lower 

humidity shrinks concrete and creep seems to be affected by this shrinkage. 

These two phenoma are affected by a common process during drying. If there 

Is no evaporated water In concrete, no creep seems to take place In concrete 

(96# 83,97.98). 
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8.3. -Column Casting and Instrumentation 

8.3.1 Column casting 

The materials used for casting very slender reinforced concrete 

columns, construction details and accuracy of column construction were 

Identical In details to those columns cast for short term tests described 

In Chapter 6. Details of the numbers of columns cast and the associated 

properties of the concrete are given'in tables (8.3.1) and (8.4.1) 

respectively. 

_8.3.2 
Instrumentation 

Details of the Instrumentation Is described in section (6.4). 

considerable difficulty was encountered In keeping a constant load to 

make. creep observations. After two pilot tests special to , ýhnlques 

were developed for applying a continuous constant load to a very slender 

column under creep observation: Details of the procedure developed for 

maintaining constant loads using a small compensating ram, are shown In 

ffq'Ur'O-(8. I)'and In plate (8.1). ' 

When short term tests were'COmpleted, the test frame used for short 

term tests was converted to creep test frame. For the final two columns 

creep tests, constant loads were applied by specially devised lever 

mechanisms, with dead loads hung at one end as shown In figures (8.2) and 

(8.3)0 and in plate-(8.6). Details of the positions of dial gauges and 

the demec gauge points for a 203.20 mm (8 In) gauge length demec gauge 

are shown In figures (8.2) and (8.3). 

8.4 Test details 

8.4.1 Pilot tests 

Initially there was only orfe-test frame available for the complete 

investigation and pilot tests on creep work were carried out using columns 

numbers 5,6 and 8 after short term tests numbers 3,4 and 5 respectively, 

were Initially completed, and when further columns were being cast for next 

set of tests. 
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Table (8.3.1) Properties of concrete 

Test Age at test ft l f Weight of f b f t 
Youngls** 

No at start at end cy 
(N/mM2) 

cu 
(N/MM2) cube 2 N/mm N/MM2 modulus E 

2C kN/ (days) - (days) (kg) MM 

3 15 51 
V 

Pilot test see table (7.1.4) 

4 19 61 Pilot test -'see table (7.1.4) 

5 60 76 Pilot test see table (7.1.4) 

6C 42 61 36.71 43.11 8.10 4.05 2.72 28.43 

9C 47 79 50.58 47.19 8.18 3.58 3.23 33.13 

12C 54 118 48.98 56.99 8.18 5.03 2.89 31.01 

, 
22C, 69 272 38.64 46.55 8.16 4.69 3.09 30.02 

, 34C 207 841 38.67 37.96 7.83 6.07 2.84 29.02 

35C 129 1186* Test still in progress 1 27.87 
at the end of August 1977. 

At the tI me of I oad I ng In the test f rames. 

Table (8.4.1) 

Experimental creep axial buckling"loads, P creep with 
short-term e? (pertmental buckling loads N 

ue 

Column 
No 

I 
Test 

No 
b=h 

(mm) 
LA Duration of 

creep load 
before collapse 

(days) 

P 
creep 

MN) 
N 

ue 
M) 

P 
creep/ N 

ue 

5 3 100 60.04 36 45.83 64.57 0.70 

6 4 100 60.04 42 29.89 48.82* 0.61 

8 5 100 60.04 16 29.8 9 72.74 0.41 

10 6C 100 60.04 19 44.84 72.24, 0.62 

12. 9C 76 79 32 18.93 29.89 0.63 

16 12C 76 60.13 64* 11.96 39.86 0.30 

23 22C, 76 70.09 203 10.96 33.88 0.32 

31 34C 76 50.13 634 39.86 53.81 0.49 
'-39- 35C 100 40 

. 
11057** 54.80 119.57 0.46 

Test stl II in progress at the end of August, 1977 

Co I umn taken out of the f rame to aI low f or, f urther tests. 
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Plate (8.1) Lever mechanism for the application of 

continuous constant sustained loads. 
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Column number 5 was the first column to be used for creep tests after 

the short term test, on It. Short term buckling load was noted. From the 

review of essential experimental tests, literature written In section (8-4.4) 

It would thought that the column should hold about three quarters of the 

short term test load. Accordingly a 45.83 kN axial load was put on the 

column during each morning, by using the pump unit described In chapter 6 

and every evening It was switched off. Thl s same Intermittent load was 

applied everyday until the column could not hold this load and longer, 

and It failed by buckling and touched the test rig on the thirty sixth day. 

There were no visible cracks pattern. 

The method of application of constant load for a period of eight hours 

each day was not considered satisfactory for essential creep tests. New 

techniques were devised for the method of applying continuous constant 

load, as shown In figure (I. H. Initial correct load was applied using 

-one of the pump units for short term tests and checked by using the 

calibrated load cell. The load was locked In by high pressure shut-off 

valve and a hydraulic hand pump connected to ensure the constant load 

being maintained. All this Is Illustrated in figure (8.1) and In plate (8.1). 

Pilot test numbers 4 and 5-were carried out to test the above technique 

of applying sustained constant loads to the columns. It was found to be 

very satisfactory. Column number 6 was loaded at 61% of the short term 

buckling load and It co1japsed on the forty second*day whilst column number 

8 for test number 5 had 41% of the short term test load and collapsed on the 

sixteenth day. 

8.4.2 further creep tests 

It was decided at this stage that creep In very slender columns seemed 

to be a verý Important factor and specific columns for creep Investigation 

to be cast and tested for their creep behaviour under constant loads. 

Forther test frame as described In chapter 6 was developed 
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Plate (8.2) Continuous detlections ot column number 10 

when under 48 per cent of short term buckl 1 ng I oad. 



Flale k8.3) Cr-ack pa f ter n ot co I umn number I () 
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Plate (8.4) Observation ot crack widths ot column number 10 
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Plate (8.5) Collapse of column number 10 under creep test. 
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for short term tests and the existing frame was used solely for creep 

investigations. 

Column nunber. 10, was put I 
_in 

+he'creepýtest frame at the age of 42 days 

at 62% of the short term test load. The constant load was very carefully 

monitored with virtually negligible drop or Increase of load. The column 

steadily deflected as shown in figure (8.4) at various tim6ibuckled and 

touches'the test rig as seen In plate (8.5) after 19 days, having the same 

sustained axial load. 
I 

It was thought that further useful observations could be made on 

this flabby column. It was unloaded and showed considerable bow. It was 

turned so that the test, rig would not obstruct further deflections. This 
I 

was a very dangerous operation but'it was thought that the first hand 

, 
from this procedure was wel I worth the Ask. Information obtained it 

was gradually loaded and al lowed to deflect after all the dlal gauges 

were taken away from the t, wo faces of the column. When 48% of the short 

term load was reached the deflections could not be stopped. Plate (8.2) 

shows the column under considerable deflections. The column could have 

burst out and It was feared that It would damage the test rig. The 

load was Immediately reduced and removed completely. 

At this stage there were many visible cracks. Careful note of the 

crack widths were'made as'seen in plate (8.4). The cracks appeared over 

a length of 4547 mmIthe first being visible at 311 mm from the top of the 

column. The lengths of the cracks were between 9.53 mm and 25.4 mm at 

approximately link spacings of 100 mm. Some were found to be at 50.8 mm 

spacings. The cracks appeared In pairs along the adjacent faces of the 

column and at about penetrations of over 30 mm as seen In plate'(8.3). 

Column number 12 for test 9C was loaded at 63% of the short tetm 

buckling collapse load. The pattern of deflectibneal, "g-edblumn height 

at various times Of the continuous sustained load Is shown in figure (8.5). 
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The column buckled and collapsed after 32 days of the sustained constant 

load. It had a maximum bow of 197 mm at the centre and maximum crack 

width of 0.1 mm with penetrations of 55 mm and 45 mm on the adjacent 

faces of the column at the centre line. 'Crack width oý 0.025 mm were 

observed in both the adjacent faces with an average penetration of 50 mm. 

at about 50 mm centres for 1219 mm above and 508 mm below the centre line 

of the column. In addition to this there was a spalling of concrete at 

198 mm above the centre line of the column at the coiner away from the cracks. 

The spalling of concrete was shallow with no exposed main reinforcement or 

links,, and was at a height of about 100 mm. above the centrellne of the 

co I umn. 

it was apparent at this stage that the amounts of the sustained loads 

applied-t6the columns were very high for these columns. Column number 16 

for test 12C, was therefore, loaded at 30% of the short term load. There was 

a much better-response. The pattern of deflections with time Is shown In 

figure (8.6). The column was taken out of the test rig at the duration of 

64 d6ys of the sustained load to allow for further tests to be carried out. 

The column s6emed, to-be stable at this stage In Its life. 

Test number 22C had a sustained load of 32% of the short term load 

and there was more time available for this test compared with the test 9C. 

The sustained load was held for 203 days before the column buckled and 

collapsed. The crack pattern and maximum bow were similar to, the test number 

9CO the exception being that there was a crescent shape spalling of concrete 

at 178 mm above the centrellne and opposite to the cracked face of the column. 

The maximum depth of the crescent was 25.4 mm and the crescent extended over 

76 mm, similar to that'of the crescent shape crack, shown In plate (7.13). 

The deflection time- pattern is shown In figure (8.7). 
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8.4.3 Long term creep tests. 
I 

The programme of short term testing came to an end at this stage. 

The, t6st frame sojely uspd for short-term tests was converted for ohe 

further very long term creep test. The first test rig was also converted 

again for another long term creep test. Details of both the converted 

test frames Including the positions of micrometers for measuring deflections 

and demec gauge points for 203.20 mm (8 In) demec gauge maximum strain 

measurement are shown In figures (8.2) and (8.3). 

8.4.3.1. Tests numbers 34C and 35C 

Column number 31 for test 34C was loaded In th'e original test rig 

for creep tests. Axial loads were applied by lever mechanisms and dead 

loads. It was loaded at three different stress loads at three different 

stages of the test. 

- The criterion of changing the sustained loads was that of the observed 

strains. The axial load was changed as soon as the strain became constant. 

The final stress level was obtained by consideration of the short term 

load which caused 2 mm deflection of the column. 

The column was initially under a sustained load of 25% and finilly 

under 33% and 49% of the short term axial buckling loads. It was under 

careful observation for 634 days when it jumped out of the test rig and 

miraculously posed Itself In the position shown In plates (8.6) (8. *. 7) and 

(8.8). Figure (8.8) shows the pattern-, of the maximum deflections developed 

at different loading stages In Its creep history, and figure (8.9) 

shows similar progression of strain relationship. 

The maximum bow was formed at 90 mm above the centre line and the 

crack width varied between 3.18mm and 0.13mm. The cracks were right across 

one face at distances of 40 mm, 90 mm, 130 mm, 250 mm, 310 mm, and 410 mm 

above the centre II ne and at'--20 mm, 60 mm, 80 mm, 120 mm and 175 mm below 

the centrellne of the columns. The penetration of the cracks across the 

173 



Plate (8.6) Columns numbers 31 and 39 under very long term creep 

tests Nos. 34 c and 35 c respectively. 
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Plate (8.7) Column number 31 after jumping out of the 

test frame at creep buckling collapse 
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Plate (8.8) Close up view of column number 31 at 
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adjacent face was between 10 mm and 55 mm at the distance above and below 

the centrellne of the column as specified above. There was no spalling 

of concrete ln-ýhls column. 

Column number 39 for test 35C was loaded axially In the second 

converted test rig. The pattern of sustained loading was 25%, 29%0 33% 

and 46% of the short term buckling collapse load of a similarly cast column. 

The column was loaded at an age of 129 days and at the time of the last 

observations after 1057 days both the deflections and creep strains seem 

to have settled down as are suggested by the curves shown In fIgurOS- 

(8.10) and, (8.11). This column would be kept under carefuV observations 

to see If It could carry the last sustained load Indefinliely. No visible 

cracks In this column have been observed so far. 

Figures (8.7) and (8.8) show the pattern of maximum deflections and 

strains respectively under the creep history of this column. Plates (8.6) 

and (8.7) show the two test columns axially loaded In their respective 

test frames. 

8.4.4 General discussion 

The creep Investigation undertaken In this work suggests that the , 

load carrying capacity of the columns with high slenderness ratios must 

be evaluated wlth', ýextreme caution. 

Creep study on columns require considerable time. Experimental 

obs ervations over a long period are very essential. Owing to this requirement 

publlsheý experimental work and literatur. 9 on the subject seemsi to be limited. 

Green and Eýeen{77) performed tests on ten columns with a slenderness 'ratio, 

L A, oi 19. ' They studied the'relationship between the axial load, and 

curvature behaviou-r-ýwith time. Some, percentages of several loads stated In 

the ACI code and som6 eccentricity of loads were taken Into consideration. 

As was expectedýmoments and curvatures Increased with time along the'. hejght 

Of the column. The curvatures were found to Increase even after one and a half 

years but they thea tended to stabilise. Columns loaded with 1.63 times the 
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service load failed during the period of test as expected. 

Green {58)-t6sted columns as described In {77}, and for no given 

explanation used a factor of 0.75 to determine the concrete strength 

In the columns from the concrete cylinder control specimens strength. 

2 's 38 N/MM2 The concrete strength used ranged between 24 N/mm to 

Hognestad et al'{681 concluded from their experimental observations 

that the factor for concrete strength In column using control cylinder, 

strength depends upon the concrete cylinder specimen and approaches 1.0 

for strengths greater than 28 N/mA The, lower limit specified was 0.85'. 

It seems that Green {581 might have allowed the reduction of column 

strength for sustained ioads-by this Initial low value of 0.75. 

Further citing of literature revealed that Gaede {73) tested eight 

columns between 5% and 70% of the short term failing loads. There was a 

consid6rable variation In concrete strength for columns. A spring was used 
'to provide the sustained load. There did not seem to be any refinement of 

adjusting the sustained loads as they tended to decrease near collapse due 

to creep. Average failure load values were noted. It was reported that the 

columns under large sustained loads at small eccentricities failed within a 

short period of time. But the columns under comparatively small sustained 

loads of 50% of the short term axial collapse loads at large eccentricities 

remalne4 stable after one and a half years. 

8.4.5 Discussion on creep tests Investigations 
L 

Pilot tests numbers 3 and 4 were for the slenderness ratio A of 60.04. 

Test 3 Included the Initial short term test and Intermittent sustained load 

whero, as test 4 Included Initial short term tests and had a continuous 

sustained load. It Is apparent from table (8.4.1) that the stress load 

sustained by column 6 was less than that of column 5. The effect 

of the continuous sustained load seems to be severe than In the IntermIttant 

application of the load, which gives opportunity to the column to recover 

some of Its strength at the beginring of each loading which to some extent 
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Is substantiated by others (80,81). 

Test 5 Included short term test Initially with a continuous sustained 

load, whereas for test 6C, a column for creep test without Initial short 

term test, ',, was prepared, the slenderness ratio being similar to tests 3 and 4. 

This Is reflected In a higher sustained load on this column 10 with a 

lor(ger- time, before collapse compared with the test on column 8. This conclusively 

proved that columns similar to short term tests must be cast for creep tests 

to obtain a true picture of creep effect on the columns. 

The remainder of the creep tests were therefore performed on the columns 

cast specifically for this purpose. It was conclusively noted after test 9C 

that sustained stress levels of 63% of the short term buckltmg. stress was 

dangerous for columns under lnvestigation., RUsch {79) suggested that a 

sustained stress of 70% to 90% of the short term stress eventually loaded 

to the failure of concrete. A high sustained stress leads to creep failure. 

The time failure mechanism hypothesis has been proposed by Hellesland and Green 

08). It, has been suggested that sustained loads at stresses-below 80% 

of the short-term strength seem to have negligible Influence on the strength 

of concrete. This also applies to short columns and perhaps to columns 

just termed long. It Is not the case with the columns under present 

investigation. 

A. 30% load of sustained axial load was applied to columns 16 for creep 

test 12C . The sustained load was kept fori54 days due to the shortage 

of time. It seemed to be very stable. Test 22C was for 203 days duration, 

the level of stress being 32% of the short term buckling load for the slenderness 

rat'loo 
L Alof 70,, 19. This suggests that even this load was not a 'safe' load 

to be recommended for design. 

The. pattern of deflection time behaviour of the columns described has 

already been stated In (8.4.2). They all are almost symmetrical about the 

centrellne of the columns under test. 
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The typical crack pattern for buckling creep failure have been 

described In (8.4.2). - It seems that whenever spaling of concreto occurred 

the concrete showed a compressive failure due to considerable buckling 

of the columns. It-was Interesting. to note the crescent shape crack pattern 

in'the'spaling'of concrete, and a crescent hollow left In the columns. 

All this has been described In section (8.4.2). 

8p4.6 Discussion on the special creep tests numbers 34C and 35C 

These creep tests were devised to monitor and observe thoroughly the 

very long term creep effects on the two columns of slenderness ratios, 
L A of 50.13 and 40 respectively. They were also carried out to make some 

design recommendations for columns of very high slenderness ratios. Final 

load level of 49% caused column number 31 to creep and buckling failure, 

at the age of 841 days. The crack pattern at failure has been descýJbed 

In section (8.4.3.1). From the observed readings of deflection and 

strains over a central area of the columns, positions of maximum deflection 

and maximum strains were found to be near the centrellne of. the columns as 

expected In properly prepared and cast columns. At each of the stress levels 

the strains seemed to become constant when the stress load was changed. 

From figures (8.8) and (8.9) It seems apparent that at stress level of 33% 

of the short term stress load for column 31 a stable sustained axial load 

would be obtained. Both the deflection and strain curves with time seem 

to follow normal patterns during any such creep behaviour of any concrete 

structures. 

Co . lumn number 39 for test number 35C was subjected to four different 

stress levels as shown In figures (8.10) and'(8.11). Again from the strain 

curVe, It seems that 33% of the short term stress level woul'd be the design 

sustained load. The column Is still under careful observation at 46% of the 

short term stress load for the last twenty weeks.. There are Indications 

that the deflection, and strains may settle down to a steady state. 
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No IITE (110) comparison of the creep strain shown In figures 

(8.9) and (8.11) are made in chapter 9. 

8.4.7. Reduced modulus approach 

,A review of the creep pomputation methods already developed is out 

of the scopd of this work, butýlt seems to be reasonable to rev. lew a method 

to arrive at possible stable loads from the short term buckling of columns. 

Any more accurate methods such as the rate of creep {821 which require the 

use of finite elements techniques seems to be unnecessary for use In very 

slender reinforced concrete co. lumns. 

Reduced modulus methods or an effective modulus method uses 

a stress - strain relationship whIch is time dependent. Broms and Viest 

{571 were the first Instigators of this method and has since been used 

by other investigators {42,41,75,85,99). 

This method assumes that the ratio y, (Creep strainV(short term 

strain) and time at a constant stress level Is the same for all stress levels. 

Using the appropriate value of y, at any time t, the effective modulus 

of elasticity of concrete, at the time t Is given by the original modulus 

of concrete divided by (I+y). 

Using the above criterion of reduced modulus for test 34C, and the 

ratio,, y as 2.2 the effective modulus of concrete would be 
,1 
/3.2 times the 

Initial modulus. This leads to the conclusion that the stable sustained 

load for column 31 Is 31% of the short term buckling load. The strains 

levelled out at 33% of the short term stress level as is seen from 

figure (8.9) which proves the usefulness of this approach. 

For test 35C. using the ratio y as 3. the stable sustained load 

would be 4 or 25% of the short term collapse load whereas the strains became 

constant at 33% of the short term buckling load as shown in figure (8.11). 

Reduced modulus approach gives a lower value by 8%, which could be considered 

as satisfactory within the tolerance of work In concrete structures. 
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Furl-her creep tests with strain observations are required to 

generallse this teeory for the slender columns under Investigation. 

8.4.8 Conclusions 
L The actual safe sustained loads for the columns of A, between 

40-79 seem to be between 33% and 19% of 'the short term buckling loads. 

The maximum buckling strains for the columns are-of the order of 150 

microstrains. 
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CHAPTER '- 9 

DESIGN CONSIDERATIONS 

9. "A ntro'duction' 

Comparisons-of'the test results and the theoretical results of'the 

app I lfca6l'e slenderness ratios, 
L A, with various codes of practice 

Including'bulletin dll'nformation N0 117-E (1001 are made In this 

chapter'. With the-remainder'of the tests in this Investigation a 

criterion of short term tests axial buckling loads causing 2mm of maximum 

lateral deflections has been'used to arrive at the InItIal'design loads 

for'66-lumns with very high slenderness ratios. 

Further reductions In the Initial design loads for each test have 

been made In the llqlýt of observations of sustained loads' creep strains 

and creep'deflections and'the study of No 117-E {1001 recommendations. 

Special, design graph's of reduction coefficients - slenderness ratios 

and equations have been developed to be used In conjunction with the 

theoretical b6ckling collapse loads for recommendations to enable designers 

to design the typý6s of column's used In this investigation. 

9.2 Some codes slenderness ratios limits and allowance -. for 

geometrical Inaccuracies 

C. P. 114 f9l defines a slender column as having aLA ratio of 15. 

Columns having slenderness rati6s of 57 or above are not recommended, whereas 

C. P. 110 {11 and C. E. B. recommendations{1011 define a column to be slender 
L if Its A ratio Is 12 or over, and do not recommend columns of A ratio 

of more than 60. A. C. I. 318-63 code sets these limits to 6.60 and 40, which 

have been obtained from the A. C. 1.318 code. The lategt recommondations 

{100) arq between 10.50 and 40, with a special allowance for geometrical 
L Inaccuracies In terms of the additional eccentricity, ea, equal to /300 

h but not less than /30. 
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Table (9.2.1)'have been prepared from the above considerations 

using -various codes'and the e'xplanations given by Ferguson (1021 and 

Winter and Nilsori {1031 for ACI 318-71 Code {41. 

Suwalskl 'et'al {139) considered the effect of slenderness on the 

load carrýlngcapaclty of non-axially loaded reinforced concrete elements 

In the new Polish code. Polish code PN 56/B-03260 considers the 
i 

columns to be slender when the ratio, 
L /h.. Is equal to or greater than 

15,, and the'upper al lowable LA limit Is 40. 

The effect of slenderness Is considered by multiplying the Initial 

eccentricity., e,, by expressing for coefficient, m, given In the code, 

to allow for second order deflections. This method does not take Into 

account the type and amount of steel used and the effect and duration 

of. load-and the type of fixity at the end of the columns. A table In 

the code gives the allowable maximum Initial eccentricities In the 

slender columns for various grades of concrete mix. At LA 
ratio of 

40 the allowable eccentricity Is 0.07h for one specific mlx of concrete 

only. This table Is the same In the Russian code.. 

Recommendations similar to CEB {1011 are being considered to be 

I 
Included In both the Polish and Russian codes. 

Kord'16a {140,141) has been Involved In the proposal for the 

German standard DIN 1045 for the design of the slender columns. The 

buckling length (slenderness ratio) may be computed with due regard to 

the linear elastic behaviour. 

The column Is considered slender when the ratio defined as 
L /r is 

L 
50,, r being the radius of gyration.. This Is equivalent to, /hO ratio of 

about-14.50., The upper limit, L /rO ratio is stated as 200 or 
L /h ratio 

of about 57.70. The safety against buckling Is considered sufficient If a load 

factor of 1.75 Is used when taking into account of second order column 

deflections. The minimum percentage of stedl In columns must not be below 
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the amount used for computations of deflections. 

jolerances In building practice and unavoidable eccentricit. las of 

load as well, as. the necessity of an additional safety factor with very 

slender columns have to be. taken Into account by assuming an additional 

eccentricity given by 

Lh 
so /r) 1000 

4. 

It Is recommended that creep deformations need be taken into account 

only If L /r ratio exceeds 70 or 
LA 

ratio of about 20. 

The" d6formations due to creep must be determined by an application of 

long -ftme Working load with at least an initial eccentricity of e 0' 0e0 

being defined as above-The minimum e0 for this purpose would be 0.035h. 

Table (9.2.1) Some code comparisons of axial buckling loads with 
applicable slenderness ratios 

L A. 

Test L A N 
ue 

ff 
cyl 

N 
u 

N 
u 

N 
u 

N 
ue/N u 

kN tN/MM2) Theory CP 114 AC1316 

I 

kN kN kN 
I 

Theory CP114 ý. C1318 ' 

25 50.13 53.81 37.98 52.59 52.69 1.02 1.06 

26* 50.13 51-81 35.69 52.05 48.53 1.00 1.07 

27 50.13 59.78 40.40 52.98 52.69 1.13 1.13 

28 50 89.68 39.04 79.32 82.41 1.13 1.09 

29 50 71.74 32.30 78. W 73.01 0.92 0.98 

30 50 85.69 39.40 80.31 82.96 1.06 1.03 

31 40 114.59 39.33 118.63 128.88 0.97 0.89 

32 40 119.57 46.12 128.67 145.04 0.93 0.82 

33 40 119.57 39.91 123.82 1 30.26 0.97 0.92 

36 30 189.32 38.56 224.54 226.90 122.53 0.84 0.83 1.55 

37 30' 219*21 40.89 236.24 36.77 127.82 0.94 0.93 1.71 

38 30 219.21 36.27 220.10 217.13 117.25 0.99 0.99 1.87 

0,099 0.98 1.71 

CY 0.08 0.16 0.16 

8 9.00% 10-00% 9.00% 
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I 9.3_'ýin`ltkal desigln approach and effect of creep In this Initial approach 

It was thought that a deflection of, 2 mm on a structure would not 

cause-any noticeable damage In It. Table (9.3.1) shows the ultimate 

buckling loads and Initial approach design loads on columns of various 

high slenderness ratiosp 
L A, under this Investigation. Various allowable 

stress levels obtained are shown In this table. Typical possible design 

moment and def I ectl on cu, rves aI ong the co I umns are gI veih, Inf igures (E. I 

to (E. 10) In appendix (E). 

9.3.1 Effect of creepon design approach 

The criterion for the design described In (9.3) was modified when 

referred to table (8.4.1) showing the duration of experimental axial buckling 

creep loads and their respective short term buckling collapse loads. Tile 

ratios of Pcreep A 
ue at which the applied sustained loads caused buckling 

failures of the columns, within finite times and their comparisons w1th 

the similar ri+los given in table (9.3.1) showed the nied for 

the reduction in stress loads for design considerations. 

N0 117-E {1001 recommends that the Influence of creep on buckling 

stabill'ty, can be neglected If the slenderness ratio,, 
L A, of a structural 

column is 21 or less. This buckling study of the columns Is for very high; 

slenderness'ratlos and creep Is one of the major factors to be taken Into 

account. 

Table (9.3.2) was prepared from table (9.3.1) and from the considerations 

of the study of curves given in figures (8.8), (8.9), (8.10) and (8.11). - 

Table (9.3.2) Is considered to be the basis of practical design. 

9.3.2 Final design procedure 

Figure (9.1) shows the reduction coefficient, R, - slenderness ratio, 

LA curve to be used In the design of very slender rein'forced concrete 

columns. 

Figure (7.12) factor k- slenderness ratio curve and figure (7.13), 

fac I tor a- slenderness ratio relationship, are to be used In conjunction 
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Table (9.3.1), -Stress levels of columns usinq short term loads causina. 
j 2 mm lateral deflections as design buckling loads 

Test 
no 

b-h 
mm 

L/h Nue 
M 

p design 
M 

Stress 
I eve I 
% 

6 100 60.04 72.74 29.89 41 

7 76'., 79 29.89 11.96 40 

14 76 60.13 39.86 17.94 45 

17A 76 65 33.88 13.95 41 

18 76 70.09 33.88 13.95 41 

23 76 75 21.92 7.97 36 

25 76 50.13 53.81 23.91 44 

29 100 50 71.74 24.91 35 

33 100 40 119.57 39.86 33 

38 100 30 219.21 119.57 55 

Table (9.3.2) Proposed design stress levels after consideratlons of 

creep observations 

Test No 6 7 14 17A 18 23 25- 29 33 38 

Slenderness 
ratio, L 

60.04 79 60.13 65 70.09 75 50.13 50 40 30 

tressIevel % 
LS 

25 20. 25 25 1 20 20 30 f 33ý 55 
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I 

with the theoretical derived equations (3.19) to arrive at a short 

term buckling collapse load of a column under consideration. Thý 

curve shown In figure (9.1) Is then referred to and the reduction 

factor arrived at Is to be multiplied to the shor1 term'theoretical 

buckliho load to obtain the final design load. The Initial dimensions 

of zi. column section and longitudinal reinforcement should be estimated 
i., 

before thei application of the design procedure statecL 

9.3.3 -Reductionjactor expressions 

- The design curve shown In figure (9.1) shows a sudden drop In 

carrying capacity of columns, between the slenderness ratios 30 

and, 40 and then a gradual linear drop to the final slenderness ratio 

79, under Investigation. The curve between, L /h of 30 and 40 can 

reasonably be approximated to a straight line*as Indicated In the 

I gure - (9.1 ). 0 

The relationship'between the reduction factor may be expressed 

by equations, of the two linear relations. 

R-1.21 - 0.022 (9.1) 

for values of slenderness ratios, 
L /h, between 30 and 40. 

and R,, -, 0.48 - 0.004 LA (9.2) 

for values of slenderness ratios between 40 and 79. 

Equations (9.1) and (9.2) may be used In the design Instead of the 

curve given, 
lin 

figure (9.1). 

9.4 Some considerations of desl2n of columns of slehderness ratjosý 

,, within the limits of 10 to 40. 

Considerable work has been done to study the behaviour of columns 

In this catagory. The recommendations for the columns are usually made 

from an estimatei'of maximum deflections of a reinforced concrete column 

when the strains at the critical sections are those associated'with 
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material-failure, and usually from the sole consideration of stability. 

'"ACI 318-63 code'expresslons have been given for ultimate loads 

corresponding to the type of failure which seems to be in general, quite 

conservative. 

For- columns having Initial moments MacGregor et al {1041 In a 

review of ACI 318-63 code recommended magnified moments to be used In the 

design of long columns. Furlong {1051 used this recommendations and 

produced'charts, for the design of slender columns. Goyal {411 calculated 

ultimate loads on'the basis of the recommendations {104) and found In 

'general-that there was'a very good agreement with his experimental 

ultimate'loads. For columns subjected to small end eccentrtcities 

the ultimate loads tended to be conservative but with largG eccentricities 

tending to be unsafe. For small eccentricities the effect of sustained 

load on the columns was largely due to large areas of section. subjected 

to creep and the ultimate loads given by MacGregor et al { 104) are lower 

than'the Goyal's {411'tested columns. His conclusions were that the 

,- recommendations for the reviewfIO41 seemed to be more realistic than the 

ACI 318-63 Code recommendations, which has since been Included In 

ACI 318-71 code-{4). JabaJI {421 commented that the design method 

recommendations {101,11 gave close agreement with the analysis for 

columns'of slenderness ratio of up to about 20. For slenderness ratios 

nearer, 40 there was a marked under estimation of the collapse load of 

the-column with a wide scatter of results. He observed this pattern 

- and of the Influence of slenderness In the accuracy of the design method 

throughout. 

9.5., - Discussion 

The ultimate loads calculated utilng CP 114 (9), 'reduction factors seem-- 

to give'very-good co6relations with the theoretical and experimental 

bUickling collapse'loads. ' ACI 318-63 Code is applicable up to the 
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slenderness ratio of 30; at 
LA 

of 40, no carrying capacity of the columns 

Is recommended. --, -The results obtained are conSE)rvative as discussed 

n sect I on ý (9.4). - As suiggested In sect I on (9.4) C. E. B. { 10 11 and 

CP 110-01'recommendations give clear agreement with the analysis of columns 

of 
L A. 'and up to 20 and marked underestimation for collapse loads 

observed for LA 
of about-, 40. {42). 

Us I ng the proposed theory on the app Ii cab IeLA ratios for code 

comparfsons the mean, --- 
N 

ue/Nu ratio was, 0099 with a st andard deviation of 

8% and a coefficient of variation of 9%. -Similar figures for CP 114 were 

0.98 formean with 10% 'standard deviations w1W 10% coefficient of variation. 

Whereas ACI 318-63 Code gave a mean ofý1.71 with a standard deviation of 16% 

and a coefficient, of variation of 9%. This emphasises the validity of 

CP 114 {9 

-The-2 mm maximum'deflection criterion gave quite a reserve strength 

In the'capacity of slender columns as Is evident from table (9.3.1) 

Theýresult for test 7 of 40% stress level seems to be high, Indicating 

some error In Instrument reading similar to the one seemingly low 

reading, of test 29. Experimental programme was very meticulously carried 

out but It seems that the human perseverance limit eventually Is seen In 

this, way. There Is no other ready explanation for this unusual--- 

pattern of two stress levels of the two columns. 

From creep Investigations it was apparent that stress levels In 

columnso under Investigation specially after the longterm Investigations 

of tests 34C and 35C, would cause columns to buckle and collapse. -. In. the 

light'of the creep Investigations, table (9.3.2)-Was-- produced to make - 

the"necessary design recommendations. It may be noted that CP 114 allows 

50% reduction coefficient to the load obtained from short term load on columns, 
L for /h, ratios-of 30 whereas the recommendations made In this Investigation 

of 55% reduction"coefficient seem reasonable. 
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(Instantaneous strains)/(creep ptraln) have been plotted against 

time for tests 34C and 35C In figure (8.9) and (8.11) respectively. - 

NO, 117-E Euro; code (1001 gives a theory of obtaining long term creep'straln 

., which Is outlined In the appendix (B). The strain ratios usInq'thIS' 

theory has been superimposed on the observed strains . In the figures 

J8.9) and (8.1-1). At-was not possible to obtain the precise change in" 

-stratns'at, the change of stress loads. The experimental strains have 

sudden rise in strains at these changes but the theoretical strains 

using No 117-E code showed slight slopes at these levels. At the 

recommended design stress levels these strains predicted by the No 117-E 

code theory gave the lower value than the observed experimental values 

In both the tests 34C and 35C. It seems that the designers can safely 

use this new code to predict the creep strains although considerable 

more experimental evidence may be needed by creep testing columns, 

having various 
LA 

ratios. As the failure approached at a much 

higher stress level in test 34C the code strains tends to become unsafe. 

This is of no great concern as such long columns would not be designed for 

49% of the short term buckling loads. The pattern Is similar for 

Test 35CO having LA 
ratios of 40. N0 117-E code strains seem to be 

lower than experimental strains at all stress levels and design 

recommendations of at 33% of the short term buckling collapse load level 

seems to be quite satisfactory. 

The deflection curves given In figures (8.8) and (8-9) for tests 34C 

and 35C respectively seem to follow a normal pattern for creep deformations; the 

only unique feature was the loading of columns at three or four different 

stress levels when the strains seemed to settle down at various etreýs levels. 

This Is reflected In the deflection curves. 

The final design procedure described in. (9.3.2) seems to be adequate 

In all respects after the considerations of stress and strain points of 

view. 
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9.6. Conclusions 

The recommendations given for the proposed design of the very slender 

reinforced concrete columns seem to be adequate and simple to use In practice. 

The two derived expressions for the reduction factor, R, for slenderness ratios 

between 30 and 40 and between 40 and 79 used In conjunction with the. 

proposed theoretical buckling collapse loads equation predl. ct satisfactorily 

the proposed design loads for the columns of any slenderness ratios between 

the limits of 30 and 79. 
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CHAPTER 10 

CONCLUSIONS 

10.1 General observations 

The work Involved In this Investigation has presented many 

difficulties and problems at various stages. Casting of very 

slender columns Is a speciallsed technique which can only be 

gained after some experience. 

The manufacture and erection of test frames and the 

Instrumentation also presented considerable problems which appeared 

at the time of testing. Step by step solving of the problems 

encountered eventually led the Investigationto this stage. 

10.2 Theoretical and experimental results 

A theoretical model using a fundamental approach has been 

developed to predict moments-and deflected shapes along heights of'' 

columns near buckling collapse loads. The theory also predicts with 

good correlations experimental moments and deflections at any stage 

of loading. It has been used to obtain these variables at the 

predicted'design loads of columns under Investigation. Good. 

correlations of moments derived from observed strains have also been 

obtained with experimental moments. 

Computer programmes summarlsed in Chapter I have been written 

to satisfactorily deal with extensive data generated In this 

-- 
investigation. 

The proposed theory predicts very satisfactorily buckling 

collapse loads between slenderness ratios 
L /h,, of 30 and 79 respectively. 

The theory also accepts eccentricities up to about 10 mm, giving 

satisfactory results and good correlations with tests of other authors. 

(106,107,108# 110,60,61,123,109,54,391. 
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Maximum longitudlinal-S-frains were observed at faces near column ends, near 

shýý rt-te . rm ., buc I kling 'collapse loads and have been of'the order of 360 

microstrains. Other Investigations do not seem to have tested such 

very slender columns'and no checks of the observed strains seem to be 

possible. 

Creep In very slender reinforced concrete columns Is one of the 

major, factors for serious consideration. This was revealed from the 

observations on the last two very long term creep tests on columns. 

The 'Initlai'design loads were arrived at'using the criterion of maximum 

2 mm deflection In columns under short term loads, and have been reduced 

to proposed safe stress levels. The actual safe sustained loads for the 
L 

columns of slenderness ratios, A, between 40 and 79 seem*to be between 

33% and 19% of the short term buckling collapse loads. Maximum creep 

buckling strains near mid-sections of columns of 150 microstrains have 

been recorded. No check'seems to be possible as other Investigators do not 

appear to have carried out creep tests on the types of very slender columns 

used'In this investigation. 

The reduced modulus approach to predict safe sustained loads seems 
L 

to give reasonable values for A ratios of 40 and 50. This needs 

further long term creep Investigation using slender columns of other 

slend4rness ratios, 

Pilot tests revealed that when columns were intermittently loadid 

for eight hours and unloaded for sixteen hours, they seem to gain strength. 

This type of Intermittent loading Is unusual, but it Is an Indication to 

lnvestlgatý fu'rther useful aspects of this behaviour In very slende ,r columns. 

Recommendations given for the proposed design of very slender reinforced 

concrete columns seem to be adequate and simple to use In practice. They 

are further simplified for the designer by the derivation of two equations 

for the reduction factors, R for the slenderness ratios between 30 and 40 

and betweený40 and,,, 79 respectively. 
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N0 117. E. Code recommends the upper limit of 
LA 

ratios of 40 but,., 

the theory outlined for. creep gives reasonable lower values of strains 

compared with experimental values at all stress levels for the 

column of 
LA 

ratio of 50. 

The use of two different cross sections substantially proved the 
L effectiveness of graphs of non-dimensional parameters A against 

L Nu/fcubh and the Investigation could'be extended to A ratios up to 79. 

Slmllar'dlmenslonlýss graphs have been given by other Investigators 

(41,74,75,115). - The overlap usIng1wo different cross sections 

between slenderness, ratios of 50 and 60 and using non-dimensional 

parameters-stated above, brought coincidence of values d6scribed on 

graphs for columns of both cross sections within the allowable accuracy 

In concrete structures. 

The allowable covers to main reinforcements In both the ýrcss 

sections of reinforced concrete columns of different slenderness ratios, 

have been made more than those suggested in the British Code due to, the 

very high slenderness ratios of columns. The additional covers give 

the extra protection to main reinforcements so very necessary for 

very slender columns. Any less covers to the main reinforcement than 

prov Ided In this Investigation would have the effect of exposing the 

reinforcements under the polluted atmosphere of the environment. This 

would considerably reduce the buckling stability of very slender columns. 

yery slender columns are dangerous structural members when they 

sta, rt to, buckle. It Is Important to release the load as soon as the 

columns beg in to buckle, or severe damage to test frames and lnjýry 

to researchers and technicians could be Inevitable. 

_10.3 
Recommendations for further research 

Several recommendations have come to light during the course of 

this study. Some, of them are listed below. 

Columns-between the slenderness ratios 30 to 65 need to be studied 
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for various eccentricities of direct Ioading using similar concrete 

mixes and similar reinforcements. 

2. Creep'investlgations fo r (1) over a long term are essential for 

any design recommendations to be made. 

3. Columns having slenderness ratios as In (1), need to be Investigated 

for different spacings of links. Reinforcement Is expensive and 

saving In economy could result after such an Investigation. 

4. 'A studyý of column Investigation Into concrete covers of very 

slender columns Is required. 

5. Effect of fixities at ends of very slender columns need further 

InVestigation. 

6. A study of effects of different mixes on very slender columns is 

required. 

7. Investigation of reduced modulus approach applied to columns of 

various slenderness ratios between 50 and 65 Is necessary. 

8. Investigation Into strengths of columns under applications of 

Intermittent loads of the types found In steel works buildings 

or similar Industrial works, can be usefully carried out. 

A continuous long term programme of slender columns Investigations 

could be set up, with several other variable parameters which are too 

numerous to enumerate, for several series of investigations. 

10.4 Final consideration of very slender structures 

How slender can any structure be designed? 

This Investigation has produced a definite answer. With theoretical work 

and supporting experimental programme It is possible to arrive at the 

design of even more slender structures. The limit in workmanship and 

supervision Imposes a restricilon of how far It Is possible to explore 

very slender structures. 
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A summary of proposed theory Including assumptions, methods of 

analysis, relation of essential creep Investigations to proposed 

analysis and an illustrative example Is given in Appendix (H). 

Finally with experienced designers and strict supervision there 

would not be any need to take sober hints from Koblenz lessons {71, 

lessons from Mehrobad alrport. -{112), and the discussion on No 117-E 

recommendations {113). This Investigation has proved that It must 

be prudent not-to design against disaster at any cost. (114,141). 

It seems to have enhanced considerably knowledge of the design of 

very slender reinforced concrete columns. 
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Appendix A 

Column Interaction diagrams 

Benneit{137) and Kong and Evans {1381 have described methods for 

Interaction diagrams. ' Method described by Bennettis used to draw the 

column Interaction diagrams In this Investigation and is given below for 

reference. 'i 

Referring to figure (A. 1) 

Al -fA NU - al c93 ' fCU bx +f sc sss 

Nu 
0 C93 (2ý) +PIf sc 

P, 

fs 
(Al .I) fcubh cl, hf 

cu cu 

From the equilibrium of moments about the level of the tensile reinforcement 

Nu (e+d- -ý Ia ala3 fCU bx (d - a2X) + fscA; (d - df) 2 

Nu e+ Nu («I -1)« cg 1 (13 '2ý ( «' - ct2 '2ý )+P1fsC("- 'le ) (A l . 2) 
f 

cu 
bh2' 'f 

cu 
bh h2hhhf 

cu 
hd 

From the strain relationship, 

xxh cu (A 1 . 3) 
+ cu s 

As In simple flexure., fallure may be controlled either by tension when 

the steel has attained Its yield stress fy or by compression of the ce)ncrete 

while the stress In the tensile reinforcement is at a level below the yield 

point. fn the former case the depth of the comp, ressive zone may be obtained 

by eliminating Nu from the equations (Al. 1) and (Al. 2) and solving thd resulting 

quadratic for x. 

The tedlous arlthmatlc Involved Is avolded by the use of load-moment 

curves drawn for various values of the reinforcement ratios p and pl. 

The section of the curve over which failure Is controlled by tension lies 

Al 



nearest the horizontal. axis and Is drawn by calculating 
Nu/ f 

cu 
bh and 

Nu e 
/f 

cu 
bh2-"from equations (Al. 1) and (Al. 2) for a series of values of x/h. 

The t6nsion-controlled section of', the curve terminates at the 'balanced, 

point, at which the, depth of the compressive zone Is given by the strain 

relationship. 

x cu 

cu e 

where cy Is the strain at yield of reinforcement. 

The corresponding values of 
Nu/ f 

cu 
bh and 

Nue/f 
cu 

bh2 are obtained using 

equations (Al. 1) and (AI. 2). 

When failure Is controlled by compression of the concreteo calculation 

of Nu and Nu e Is more complicated, particularly where the tensile stress-strain 

curve of the steel becomes non-linear before the yield poinf, The load-moment 

curve for given reinforcement values may east ly be drawn, however, by f Irst 

using the strain relationslilp In conjunction with the stress-strain curve of 

the steel to obtain the values of the stress In the tensile reinforcSM'bnt 

for a given value of x, and then substituting In equations (Al. 1) and (Al. 2) 

to obtain the co-ordinates of the corresponding point on the curve. The 

compression controlled section of the cu'rýe'extends from the 'balanced' 

point to the point of Intersection with the vertical axis, representing the 

axial compression strength. 
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Appendix B 

Bulletin dlinformation No 117 E recommendations for creep 

The recommendations for creep used, to arrive at creep strains for 

tests numbers 34C and 35C, are as below. 

Assumptions 

Fo- average stress conditions: 
4- 

H the strains due to creep are assumed to be a linear function 

of the stresses (assumption of linearl-ty); 

li) the creep strains due to part application of the stress applied 

at different times are considered additive(the assumption of-superposition). 

Determination of creep strains 

Taking account of-assumption 1) the strain due to creep at the Instant 

t>t Is I 

'cc (t, t 
0E 

(t, t0 
C28 

where a co 
Is a constant stress applied at the instant to, E 

C28 
is the 

basic value of the longi tudinal modulus of elasticity of concrete at 28 days. 

ý (tj., t 
0) 

is the creep coefficient. 

The total strain at the Instant t under constant stress (initial elastic 

strain at the Instant t0 plus strain due to creep) Is given by: 

(tp to) 
= or 

I 
Cc tot co Ec (t 0) 

The term: 

c(t, t 0 
0Ec (t 

0E C2 8 

Is called the 'creep function'. 

(t, t0 
E 

C28 

BI 



Determination of the creep coefficient 

The cre6p coefficient can be determin . ed with Ia sufficient - accuracy 

by: 

Odad (t -ý t0f Of M-0f (t 
0 

where 

Od, Is the, delayed modulus of elasticity, taken as 0.4; 

+f2 in the delayed-plastic modulus. 

Of, depending on the environment taken as 2.0 

ff2 depending on'the notional thickness of the 

element. It Is taken as 1.7 for 100 mm x 100 mm 

column sections and 1.78 for 76 mm x 76 mm column 

sections, using a relative humidity of 70%. 

$"'IS the function corresponding to the development In time oi d 

the delayed elastic strain. 

Of Is the function corresporoing to the development In time of the 

delayed plasticity depending on the notional thickness hoe 

t Is the age of the concrete at the moment considered. 

't 
0 

is the age of the'concrete at the moment of loading. 

I 
The values Indicated for ýfj refers to concrete In a plastic 

condition; they should be reduced by 25% for concretes In a firm condition 

and increased by 25% for concretes In a soft condition. 

Coefficients, ad (t 
0- 

t)" 0fM and ý2 for any size columns are 

obtained from graphs given In the recommendations. 

Notional thickness 

The notional thickness Is defined by 

h 2Ac 
0u 

B2 



where 

X is a coefficient depending on the environment and obtained 

from table e-1, columnn 5 given the recommendations. 

Ac is the area of the section of the concrete: 

u Is the perimeter In contact with the atmosphere. 

SImp_I I fled law of creep 

When trying to find the effect of creep beyond three months, for 

an approximate value of the creep the following coefficieni Is used. 
I 

ý(t, oto) - 0.4 + ýf{Of(t) - Of(to)) 

This law remains valid even If a large variation of stress Is anticipated. 

Structural effects 

In general, the effect of creep Is Important felt only in the 

serviceability limit states. 

However, creep can sometimes occur and have an Influence on the behaviour 

at the ultimate limit state. This applies to second order effects where creep 

Increases the initial eccentricity. It also applies to the fatigue of prestressed 

beams where losses by creep can increase the amplitude of the oscillations. 
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Appendix C 

Sect I on a 

Short term load-moment Interaction diagrams 

for mid-sections of columns. 

Sect i on 

Moments and deflections along the heights of 

columns near short term ultimate buckling 

collapse loads of columns. 
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Appendix D 

Moment - curvature relationships for 

some tests at mid-sections of the 

columns under short term axial 

I oadi ngs. 
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Appendix E 

Possible design moments and deflection 

curves for some tests along the heights 

of columns. 
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Appendix F 

Section a 

Typical outputs of load-strain curves at 

various sections, specified in figure (6.17), of 

the columns using the University of Bradford 

Computer. 

Sect i on 

Typical outputs of load-deflection profiles at 

various sections, specified In figure (6.9), 

of the columns using the University of Bradford 

computer. 

Section' C 

Typical output of a stress-strain curve points 

for control cylinder specimens and various 

essential parameters using Leeds Polytechnic 

computer. 

Section d 

Typical part output for one short term test 

number 18 of load, deflection, experimental 

moment, curvature, theoretical moment, 

and percentage difference between experimental 

and theoretical moments along the height of 

the column between applications of the initial 

load and the load near the buckling collapse 

load using Leeds Polytechnic computer. 
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Appendix G 

Section a 

Computer programme for stress-str-, ain 

relationship and for outputs of various 

essential parameters of control cylinders 

specimens and columns. 

Section b 

Computer programme for outputs of 

values given in appendix F section D. 

Sect i on c 

Computer programme to obtain load-strain 

curves co-ordinates and to plot the load-strain 

profiles at various sections along the heights 

of columns. 

Section d 

Computer programme to obtain load-deflection 

co-ordinates and profiles at various sections 

along the heights of columns. 
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Appendix H 

Summary of proposed theory, method of analysist relat. ion of 

essential creep Investigations to proposed analysis and an., 

Illustrative example. 1. 

Assumptions. 

The following general assumptions are made In arriving at a 

proposed theory for very slender reinforced concrete columns: 

J) - Plane sections remain plane after bending. 

11) There Is perfect bond between concrete and reinforcement. 

Shortening of column under the direct loadsis negligible. 
i 

IV) Shrinkage, strains are considered to be uniform and are 

negligible for the columns tested. 

V) Reinforcement has been considered as an Ideal elastoplastic 

material. Strain hardening,, rupture and relaxation are 

considered to be negligible. 

VI) - Owing to accidental errors In mounting the test columns 

into the test rigs at x=L, the deflection of a column Is 

not assumed to be zero, but tends towards zero. 

2. Method of analysis summarlsed from Chapter 3 of this Thesis. 

RelatInq of proposed analysis to experimental results. 

1) Deflection profile 

A fourth order polynomial Is used for the iheoretical deflected 

shape of a very slender reinforced concrete column pinned at both 

ends and loaded axially. 

The deflected shapais diven by 

alx + a4 (X 4- 2LX3) 

where a, and a4 are given by expression (3.8) and (3.7) respectively. 

a, and a4 are established by best statistical relationship obtained 

from experimentally measured deflection profile. 
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Bendinq moment 

The relationship of theoretical bending' moment to experimental 

bending'moment In a column at a section distance x from the 

origin shown In figure (3.1), using, deflections as a criterion 

Is given by 

MKxMKx, E Ix 
xex xth 0c NA R' 

The, value of ý is given In (3.15) Is obtained from the 
R 

equation (3.9). 

The theoretical bending moment, M 
xth 

Is also derived using 

observed strains. The'experimental bending moment, M 
X'ex using, 

strains as a criterion Is given by 

(C -C 
I Mxex =KxECI NA xbda 

where cb and ca are observed strains shown In figure (3.2) 

Bucklinq load 

The buckling load using the polynomial given In 20) above Is 

given by 

N 'a xKE 1* 
uc NA 

L2 

where a 
48 a4L3 
8al - 3a4L3 

jv) Values of K and a 

Values of K and a required for the computations of bending 

moments and buckling loads are obtained from figures (7.12) 

and (7.13) respectively given in chapter 7 of this thesis. 
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3. -14e'lat'loý of essential cr6eD Investloations to DroDosed analvsIs 

Initial criterion of short term loads causing 2 mm lateral 

deflections as design buckling loads produced stress levels In 

columns between 36% to 55% of short term buckling failure 

loads for slenderness ratios 
L A, between 79 and 30 

respectively as shown In table (9.3.1) in chapter 9. 

li) From essential creep observations the percentage stress levels 

. of'short term buckling failure loads given In (1) were foijnd 

to. be unsafe for very slender reinforced concretecolumný. 

fit) Further essential'creep-deflection and creep-strain observations 

study given In figures (8.8), (8.9), (8.10) and (8.11) In 

chapter 8 enabled table (8.3.2) to be prepared to recommend 

the basis of practical design of very slender reinforced 

concrete columns. 

Iv) Table (9.3.2) was used to produce reduction coefficient, 
L R- slenderness ratio, A, design curve shown In figure (9.0 

In chapter 9, for practical design of columns. 

v) Reduction factor expressions (9.1) and (9.2) In chapter 9 are 

R=1.21 - 0.022 LA 

for values of slenderness ratios, 
L A, 

between 30 to 40, 

and R-0.48 - 0.004 

for values of slenderneýs ratios, 
L/ý. 

between 40 to 79, respectively. 

These expressions are derived from figure (9.1). The buckling 

loads calculated using expression given under 2.011) multiplied 

by the applicable reduction factors. R. give the recommapded 

safe design loads which include a satisfactory allowance of 

unavoidable eccentricites. 
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4. Illustrative example usingthe proposed methods 

Compute the axial ultimate buckl Ing load for a short term test 

and proposed design buckling load of a slender reinforced concrete 

column having properties as follows: 

Ld b- 95 mm, h- 63 mm, A- 41.6, A=0.80. 

Symmetrically placed longitudinal reinforcement, p=3.25%j, 

fC6 n' 24.8 N/mm? - and Es - 200 kN/mm2. 

Solution: 

IE. 4700 where f 0.67 x 24.8 = 16.62N/MM2 
c cu cu 

E= 4700 4-6.62 - 19.16 kN/mm2 
c 

II) Es z 200 kN/mm2 

Es 10.44 
e Ec 

IV) LA 41.6 L 41.6 x 63 - 2620.80 mm 

V) AA0.0325 x 95 x 63 = 97.26 MM2 St Sc 2 

VI) 
95 x 633 

+ 10.44 (97.26 x 18.902) x2 MM4 INA 12 

Vil) 
EcI NA 

- 7.55 
L4 

VIM AE- 95 x 63 + 10.44(97.26x2) = 8015.79 MM2 

From figure (7.12), h-h 
-K=0.622 for 

LA- 
41.6 AE 

bh 95x63 0.747 AE 8015.79 

0*0 Factor K0* 622 
. 0.833 0.747 

IX) From figure (7.13), factor a=9.02 

X) Short term buckling load, Nu is given by 

Nu =aK Ecl NA 
= 9.02 x 0.833 x 7.55 L ý'- 

Nu a 56.73 kN 
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From table (7.5-4) given In chapter 7, for column la 

N 61.0 kN 
ue 

xi) From figure (9.1) or from the expression 

R-0.48 - 0.004 LA 

the reduction factor R=0.314 

Finally, the recommended design buckling load 

Is given by 0.314 x 56.73 - 17.81 M. 
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