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ABSTRACT

The analysis of slender reinforced concrete columns is complicated because the
. non-linearities of the materials (caused by the cracking of concrete and time-dependent
effects) are combined with the geometric non-linearity which characterises the behaviour
of such columns.

‘ A simple analytical method based on a gl'aphical technique, originally proposed by

' Beal, is developed. The method takes account of the material and geometric

“non-linearities and allows rapid and accurate analys1s of slender pin-ended reinforced
concrete columns, concentrically or eccentrically loaded, without the need for iterative
procedures or sxmphﬁcauon of section behaviour. The method allows for sustained load
effects and enables the reduction in the short-term ultimate capacity to be predicted.

The theoretical analysis is backed by nineteen short and long-term full-scale tests
s on pinned reinforced concrete columns having slenderness ratios between 18 and 63,

~ loaded eccentrically. The experimental results substantiated the fact that instability is the
primary failure criterion for slender columns; and it occurs at relatively low compressive
concrete strains of the order of 0.001-0.002. Material failure eventually follows, but for
slenderness ratios of 33 and above th1s requires considerable bending to occur.

- ‘Creep was found to strongly influence the buckling load; with a sustained load 6f
60% of short-term capacify, creep causes a considerable reduction in the load capacity of
a slender column and can be as much as 40%. Initial imperfections are inevitable during
column construction. This was accounted for in the theoretical approach and the results
obtained demonstratcd the Sensiﬁvity of slender columns to such imperfections. |

The accuracy of the proposed method is further established when comprehensive
~ Comparisons are made with the cxpenmcntal work of other investigators. Significant
‘ 1mprov¢ment is noted over the existing design methods in BS8110 and ACI318. The
design procedures adopted in the two Codes are based on strength calculations which are
proved to be almost irrelevant for slender columns. The BS8110 approach was found to
be unsafe in predicting the long-term buckling loads of the columns tested because it
does not make allowance for creep effects. This is in contrast to ACI318
recommendauons which were found to be conservative in predicting the failure loads.
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" NOTATION

The following notation is used in this thesis unless otherwise stated

A area

Ac gross cross-sectional area of concrete (Note that A¢ is used for net area in

BS8110-Eq.2.5)

As,Asc  areaof vertical reinforcement

%6 pernageof einorement= A

ay deflection at ultimate limit state

a constant (see Eq.B.1 in Appendix B)

b : width of column cmss—section

b' smaller dimension of the column

by constant (see Eq.B.1 in Appendix B)

Cm factor relating actual moment diagram to an equivalent uniform moment
dagam

‘c1 | ;:onstant (gee Eq.ﬁ.l ir‘l.Appcndix B) |

d : cffecuve depth to feﬁsion steel |

d\' | distancc from c);treme compféssioh ﬁbre to centroid of compression steel -

Ec | mociulus of cla\‘s‘tici’t;of éqgcﬁtc |

Es - effecuve ‘modul‘L‘xs of elasu'cify of ;:;)ncrctc |

Eg modulus of elasﬁcity of steel

e eccentricity | .

MCi 1mt1a1 \lvoad eccentricity

'NOTATION



Ctot
€1

ef

)
.

- Coss €oi

fy

fs1 (f2)

xiv

design minimum eccentricity (= 0.05h<20 mm in BS8110)
total eccentricity at fhe critical section (= e1+¢2, see Eq.2.19)
=ef+e,

first order eccentricity

addmonal eccentnc1ty to account for any uncertainty concernmg the location
of the point of mc1dcnce of external forces : ‘

second order eccentricity
equivalent eccemricity
ﬁrst order eccentncmcs at the ends of the column, eqg bemg posmve and

larger than eg; -

addmonal deﬂecuon due to creep strain

total eccentncny at the mid-height of the column (= eg+ej+ey, see Eq.7.2)
inital imperfoction

_au

" magnified eccentricity

mid-height eccentricity at the point of instability measured experimentally
predicted mid-height eccentricity at the point of instability
concrete cube s&ength

concrete cylinder compressive strength

: maxirnum concrete compressivc stress

concrete stress correspondmg to the neutral axis at the (n-1) pos1t10n (Eq 3 1
Eq32andF1g33) B ’ |

: tensﬂe leld stress of steel

stfeés ixi tcp (bottcm) stecl of column cross-section (Eq.3.3, Eq.3.4 and
Fig.3.4) ‘
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= fg (Figs.7.1 to 7.5)
ovérail depth of column section |
second moment of area

second moment of area of gross concrete section about centroidal axis,

ncglééﬁn g reinforcement

second moment of area of reinforcement about centroidal axis of member

cross-section
reduction factor (Eq.2.4)
effectivg lengﬂm factqr (Eq.2.14) |

parameters of concrete stress block (see Fig.B.2 and Eqs.B.11 and B.12 in
Appendix B)

column length

eiffééﬁvc ‘C(V)Ilum‘nl iength |

sicn&érhésé ‘;ﬁti:c‘) |

moment

addmonal design’lultijmatc moment mduccd by dgﬂccdon of column

smaller initial end moment due to design ultimate loads

larger initial end moment due to design ultimate loads

initial design ultimate moment in a column before allowance for additional

design moments aﬁsing out of slenderness
magnified factored moment

value of smaller factored end moment on a compression member due to the
loads that result in no appreciable sidesway, calculated by conventional elastic
frame analysis, positive if member is bent in single curvature, negative if bent

in double curvature (Eq.2.15) .
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value of larger factored end moment on compression member due to loads
that result in no appreciable sidesway, calculated by conventional frame

analysis (Eq.2.11 and Eq.2.15)

value of larger factored end moment on compression member due to loads
that result in appreciable sidesway, calculated by conventional frame analysis

(Eq.2.11) v

first order applied moment (Eq.2.20)

resultant concrete moment

resultant steel moment

resulfant moment of reinforced concrete section (= M'c+My)
desig'ri ultimate axial load on the column

des1gn 'uv‘ltir}nz{te‘ capz{éity of a section when subjected to axial load only
design axial load Cébaciiy of a balanced section

applied longitudinal force (Eq.2.20) -
compré‘és‘iw}éloéd or buckling load

critical load (Eqs.2.14 and 3.10} ‘

factored axial load at given eccentricity (< ¢1Pp)

nominal axial load strength at given eccentricity

resﬁltant concrc£c force

resultant steel férce ‘

resultant vforycé of reinforced concrete section (= Pe+Pg) -
axial éoﬁipréééidn Capaéity (squash load)

ax1a1 load yéapacity of a balanced section

failure load according to BS8110

' failure load according to ACI318-89 '
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radius of gyration of cross-section of column

curvature

age at first loading (Tzble 7.8)

dens1tyof concrete |

centroid éf concrete stress block (Fig.B.1 in Appendix B)

neutral amsdepth

o
L

Ienéﬁi along y-axis

slender column coefficient (Eq.2.3)

ratio (Eq.2.16 and Eq.2.17)

partial safety factor for strength of materials

lateral displacement of column

increase in the lateral displacement §; due to sustained load

 moment magnification factor for braced frames

moment magnification factor for unbraced frames

strain

- strain at which maximum compressive stress of concrete is first attained

u}ﬁmate cbncrete strain in compression (= 0.0035 in BSSI 10)
total strain of plain concrete cylinders |

inStantarieous stréin of plain concrete cylinders

shrinkage strain of plain concrete cylinders

creep strain of plain concrete cylinders (= €; - (€i+&sh))

 strain at nth interval (see Eq.3.9 and Fig.3.3)
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strain in steel

tensile yield strain in steel

ratio (= €o/Ecu)

slenderness ratio (Eq21 8)
limiting slenderness ratio (Eq.2.25)

reinforcement ratiq (= %As)

~  creep coefficient (= £cr/€;)

. strength reduction factor . . .-
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' CHAPTER ONE

INTRODUCTION

11 General

“In most structural members, deflection under loading may not affect the strength
and can generally be 1gnored In some situations, however, particularly in the case of
remforced concrete columns, deflection may be such as to add srgmﬁcant additional
moment (the P-Delta effect) The possrbrhty of this occumng increases as the slenderness
' ratio of the column increases. Th1s geometric non- lmearity is further complicated by
material non- lmearity, caused by the use of concrete which has a non-linear
| stress stram curve, a tendency to crack and is lcnown to exhibit time- dependent
| deformation when subject to continuous loading. Under sustained load, creep and
‘ Shnnkage of concrete cause mcrease of deformatlon and redlstnbuuon of stresses, which
in the case of a slender column may eventually lead to buckling failure. It is now
well-known that material failure is the controlling factor for stocky columns, while for
slender columns failure essentially occurs due to instability. k

~ The analy81s and design of slender remforced concrete columns were hampered in

the early days by the lack of experimental and theoretical data about their behaviour.

- However, the knowledge of slender column behaviour has been greatly enhanced during

the past 15 to 20 years and analytlcal procedures have become available to accurately

model their strength and stiffness [1]. Because of the nature of the problem (combined

geometric and material non- lmearities) such procedures are generally too complex
to be efﬁc1ent1y employed in everyday desrgn—ofﬁce use [2, 3 4]

" Codes of practice simplify the problem and recommend alternative design
methods for slender columns based on modifying the axial loads and moments obtained
from elasttc analysis of the structure to account for the secondary moments induced by
lateral deﬂectron Generally, these methods are approxtmate and largely empmcal

"In response to the inCreasingly stringent architectural and cost requirements in
modern burldrngs the use of slender burldmgs and slender building components have
become more common, makmg it necessary to provide a comprehensive evaluation of
their behaviour. The advancement of computerized solution techniques combined with the
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producuon of hlgh quality concrete and high steel strength have encouraged the design
and construction of such structures. Examples of reinforced concrete compression
~ members with high slenderness ratios constructed successfully are quoted by Dracos [5],
confirming demand for and desirability of such elements. ‘

Foid
! :

‘ ‘A sirnpliﬁed écceptzible dcvsign method which pro\)_ides a reliable, accurate,
econon]ic and safe solution is therefore necessary. Because of the great number and range
of variables involved, a fa1r1y extensive experimental programme, particularly under
~ long-term loading conditions, would best provide the results for the evaluation and

verification of the analytical method.

12 Outline of the problem

Consider the simple case of a pin-ended column, subject to a compressive force P
applied at an initial eccentricity ;. When the load is first applied, the column deﬂects
laterally by amount 5;. The total moment at any section away from the column ends, thus
consists of two components the first Pe; is referred to as the primary moment and the
second P9; caused by the lateral displacement is the secondary moment. The value of
8 depends on the curvature at that section, which in its turn depends on the applied
moment. If the ;ood P increases, the lateral displacement 0j increases too but at a faster
rate than the rate of increase of P,V until the column becomes unstable and unable to

support load.

For slender columns, the secondary moments may amount to several times the
initial moments, causing reduction in the column-carrying capacity, so that such a column
would fail by instability at relatively small compressive load, much less than that of a

-corresponding short column, i.e well before the ultimate strength of the material is
exhausted. This problem is brought about by the change in geometry of the column and is
referred to as geometric non-linearity.

.. The primary m’oments‘in real structures represent the end moments due to
continuity, or they may)caused by transverse loads or application of loads at initial

eccentricities. _The initial 1mpe1fect10ns present contribute to the problem and add to the
lateral deﬂecuon B o ‘ o '

If load P is sustained on the column, a further increase in the lateral deflection
(AS) at mid-hei ght w111 develop with time. Time-dependent deformation, mainly creep of
concrete, w111 Iead to an increase in the concrete compressive strains, consequently the
Curvature will increase causing the column to deflect even further. The gradual increase in -
the secondary moment with ume P(8i+Ad) reduces the carrying capacity and creep

buckling may occur.
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1.3 Objective and scope of the present investigation -

: The pr1nc1pa1 concem of the current research was to study the behav1our of
‘slender pm-ended remforced concrete columns subject to eccentric loading under short
‘and lon g-term cond1t10ns both expenmentally and analyncally The followmg objectives

WCI'C SCt

1- A method of analysxs was to be developed which would accurately predict the
| short-tenn buckhng load and the reductlon in column capacity due to sustamed
load wtthout the need for comph ated numerical calculations or iteration

procedures

2- Venﬁcanon of the method by carrymg outa programme of expenments wh1ch
. would prov1de further data particularly on long-term loading.

" 3- Assessment of the design recormnendations available in current codes of

‘ _practice; L
- The analyncal approach enables the short-term buckling load to be obtained
directly. It takes account of creep properties of concrete and allows the reduction in
column capacity under sustained load to be predlcted. Initial 1mperfect10n at m1d~he1ght is

accounted for and the total rmd-helght eccentr1c1ty at the pomt of mstablhty is s1mp1y
vdetermmed. .

SERVAT

Eleven remforced concrete columns havmg slenderness ratios between 18 and 63
‘are tested under short-term load and eight similar columns tested under sustained load.
The slenderness ratio was the main variable examined; other parameters, such as
percentage of remforcement concrete strength and initial eccentncny are kept relanvely

constant.

The applicability of the method proposed is checked against 118 tests, reported in
the recent literature. These tests were performed on slender reinforced concrete columns

under short and lon g-term loading.

The adequacy of de51gn methods in the Bnt1sh and American Codes of Practice is
exammed and evaluated.

1.4 Layout of the thesis

The work completed in pursuit of the objectives set out above, is organized and
outlined here, in the following manner:
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In an attempt to clarify the existing gap in the analysis and design of slender
reinforced concrete columns, a summary of the various design methods available in the
literature and in different codes of practice is made, examining their advantages and
limitations; this is given in Chapter 2. In the same Chapter, full coverage of reported
experimental work in the field, range of variables considered and type of loading is also
provided.

The main concern in Chapter 3, is to describe the development of the analytical
method and the computer programs required to produce and plot the theoretical data;
finally examples illustrating its application are shown.

An experimental programme was established for short and long-term periods. The

- range of variables considered, design of the testing frames and instrumentation required,

materials used and method of column construction are specified in detail in Chapter 4.

Vanous aspects of the expenmental mvestlgatlon camed out, descnptlons of test
) columns concrete properues and test procedures are fully covered in Chapters 5 and 6.
D1scuss1on of the observations made and compansons between theoretlcal and

: eXpenmental results are to be found in the same Chapters

Assessment of the design methods recommended in two current Codes of Practice
BS8110 1985 [6] and ACI318- 89 [7]is made against the expenmental bucklmg loads
obtamed The general vahdlry of the proposed approach is checked by extenswe

| compansons wrth test data reported by other 1nvest1gators The results of this stage are
evaluated and presented in Chapter 7 |

' Finally Chapter 8 contains a summary of the conclusions drawn, further possible
developments and extensions to the analytical approach and suggestions for future work.

HENIR T
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CHAPTER TWO

REVIEW OF DESIGN METHODS FOR SLENDER COLUMNS

2.1 Introduction

The development of column buckling theory is perhaps the oldest among
structural theories. It has a continuity over nearly 300 years. A tremendous volume of
work, theoretically and experimentally, has been carried out on this topic. Adequate
Coverage for that is available in standard literature and many researchers have well
documented the story; therefore a detailed review will not be repeated here, parucularly
for the periods up to the 1970's. However, the maJor steps will be decated and for more
lnformauon the reader will be referred to the appropnate references Reasonable coverage
of the unportant researches in the ﬁeld and of recent work is grven here ‘

In 1678 Robert Hooke was the first to provide the necessary preliminary to the
‘ development of elastic buckling theory, followed by Bernoulli's contribution. Leonard
Euler (1707-1783), in the Appendix to his 1744 book presented his famous formula for
the elastic cnucal bucklmg load of a slender column (Equanon 2.14) wh1ch still bears his
name and connnues to be in use today Extending Euler’s theory to predlct column
strength in the inelastic range was due to Considére and Engesser in 1889. Exphcrt
expressmns for the reduced modulus were derived by Von Kdrmdn in 1910. These basic
initial steps were followed by substantial developments and modifications. Complete
accounts of the eétrly‘history of column investigations can be found in references

[8,9,10, 11 12,13,14,15].

In 1934 Baumamz [16] apphed the Von Kdrmcin theory to rernforced concrete
columns havmg slendemess ratios up to 41 (the slendemess ratio is referred to in terms of
le/h unless noted otherwrse) Further contnbunons expenmentally and analytlcally were
made by Thomas in 1939 [17] Hognestad 1951 [18] Ernst et al in 1953 [19] and by
Broms and Vlest in 1958 [20] |

" The 1960 s were marked by the advent of computers, which helped the
investigators in handlmg the lengthy calculations and performing analytical solutions to
the buckling problem which were based on iterative procedures. The high storage
| capacity of the computer was used to store the large numbers of data required to establish
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the relauonshrp between the load-moment and curvature. Among those who utilized
: computers were Pfrang and Siess i m 1964 [21], Pfrang et al in 1964 [22] Breen in
1964 [23] and Cranston in 1967 [24]

. Increasmg attention was given to the study of the behaviour of slender reinforced
concrete columns experimentally; tests were carried out by Chang and Ferguson {25] in
1963, Sdenz and Martin [26] in 1963, Breen and Ferguson [27] in 1964 and Pannell
' and Robmson [28] in 1968

Comprehensrve review of some of the previous work can also be found in
references [5,29,30].

k The effect of sustamed load on the ulumate strength of a slender column was
realtzed by many mvestrgators to have lmportancc in des1gn However the number of
long-term tests remamed hmrted due to the fact that such tests requrre consrderable care

and ume to complete

Green and Breen [31]in 1969 tested ten eccentrtcally loaded reinforced concrete
columns for periods up to 1.5 years. The columns had a slenderness ratio of 19. The load
was mamtamed by means of springs. Two specrmens failed after two months of loading;
- these members were loaded up to 37% of the ultimate section capacity for concentric load.
The deformations of the other columns did not reach a limiting value after 1.5 years.

In the same year Ramu et al [32] carned out a research programme on the
behavrour of reinforced concrete columns under sustamed loads. The results of thirty
seven tests on unrestramed columns were reported. A few columns were loaded to failure
in short- term tests All the others were tested under constant sustamed loads A
descnptmn of the Ramu long—term tests follows in Chapter 7. o

In 1970 Goyal [33] studied the behaviour of pin- ended eccentrically reinforced
concrete columns under short and sustalned loads, both expenmentally and theoretlcally
He concluded that, if the sustamed load on the column is within the working range, i.e 30

| to 40 percent of the short-term ulumate load, its effect on the column—carrymg capacity
will be neghglble However, substantial reductions in strength occur for sustained loads
equal to 60 percent of the short-term ulttmate load. Goyal adopted the Newton- Raphson
method for the solunon of non-lmear simultaneous equations relatmg axial load, bending
moment and edge strains. Concrete was assumed to have the stress-strain relationship
suggested by Hognestad for long-term analysxs he used a reduced concrete modulus.
Although Goyal'’s analyucal procedure does not require large storage capacrty within the
computer, it still clearly involves a lot of iteration.
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Hellesland and Green [34] in 1971 studied the effect of sustained and cychc
loadmg on concrete columns havmg slenderness ratio of 15. At the same time, Drysdale
and Huggms [35] carried out tests explormg the behaviour of slender concrete columns
under sustamed blaxml load.

In 1971 Cranston and Sturrock [36] examine d the lateral 1nstab1hty of pin-ended
’ slender reinforced concrete columns subJect to axial load and moment apphed about either
, major or minor axis. In all cases, failure was by buckling about the minor axis. They also
“emphasised the i 1mportance of the tensile resistance of the concrete on deﬂectron at low
loads. In 1972 Cranston [37] presented the results of an extensrve computer ana1y51s
which covered a wide range of different column cross- sectlons and different end and
- 1Oadlng conditions for braced and unbraced columns. In the computer model the column
~ was divided into a number of segments and the cross-sections were idealized into a
number of elements. The method of analysis is iterative and consist of finding successive
solutions as the load on (or deﬂecuon of) the column is increased in steps. The method
developed by Cranston formed the basis for the des1gn of slender columns in CP110
[38]. Extensive comparisons w1th the test data avarlable at that time were made to validate
the method whrch appeared to work reasonably well for columns with slenderness ratio
up to 20 tested under short-term loading condmons

‘Further expenmental and theoretical research was performed in 1975, 1976 and :
1977 parucularly oriented towards the behaviour of slender columns as parts of frames
(which is a more realistic case) and under sustained loads. Such investigations were
undertaken by Green and Hellesland [39], Bolmezer and Breen [401, MacGregor and
Hage [41], Behan [42] and ﬁnally by Wu and Huggms [43] Theoretical contributions to
the development of second-order analysrs of tall steel structures were made by Wood et al
[44,45] in 1977

" All columns which are reported to have been tested, had a slenderness ratios up to
40 and very few exceeded th1s limit (eg Cranston and Sturrock [36]). In 1977 a research
PrOgramme was established by Pancholi at the Un1vers1ty of Bradford to study the
behaviour of very slender reinforced concrete columns. Pancholl [29] looked at the
design of very slender concentncally loaded reinforced concrete columns havmg aspect
ratros between 30 and 80. A fourth order polynomlal was used for the theoretical
deﬂected shape The buckhng load was determmed usmg the fundamental Euler approach
to the problem From his long- -term expenmental work he derived two express1ons for
reduction factors which when multiplied by the short—term bucklmg failure load would
give recommended safe desrgn loads.

In 1982, in a contmuatlon of the Bradford research programme, Dracos [5] took’
over and mvest1gated the problem both analytlcally and expenmentally The stress-strain
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relationships of concrete and steel were represented by continuous mathematical functions
which enabled expressing the applied load and imposed moment on a column in terms of
the edge strains in two relationships spanning over the entire range of curvature variation.
-~ This procedure was reported to have computational advantages over previous analyses;
héwever, an iterative process was still required to produce the solution. A total of forty
eccemi‘ically loaded slender columns, reinforced with mild steel, were tested by Dracos
under short-term and sustained loads. He concluded that creep effects have a considerable
 influence on the load-carrying capacity of slender reinforced concrete columns and must
be accounted for in their design. His analyncal studies indicated that the reducuon in
Strength due to sustamcd loading can be as high as 59% of the short-term load-carrying
Capacity. He recommcndcd that the semceabﬂlty load does not exceed the load that would
~ cause a maximum latcral deflection of 5 mm when sustamed for a period of 25 years. A
proposed second order analysxs enabled the designer to check that creep deformations do

~not exceed such a value.

In thc samc ycar 1982 Behan and o’ Connor [46] mvesugated the bchav10ur of
; remforccd concrctc columns with mduced initial 1mperfect10ns Fifty one columns were
tested under short-term conditions and sixteen under long-term conditions. All columns
were pin-ended with a rangc of slenderness ratios from 8-48, the column sizes varied
from 76x38x1830 mm to 127x64x500 mm, welding wire was chosen for the main
reinforcement. The maximum reduction in short-term capacity due to creep was found to
“be 60%, recordcd for slendcmess ratio le/h-48 No other deﬁmtc conclusxons could be
| drawn | ‘ :
o In 1983 Sohoﬁeld [30]L approached the problem from a rather different angle. In a
continuation to the research programme at Bradford University, Schofield tested fifty five
concrete column specimens, reinforced with mild steel, having slendemness ratios between
29 and 59. Fifty columns were tested to destruction under short-term loading conditions
‘and five specimens under sustained loads for periods up to 2 years. A concentric axial
load was applied with independent primary end moments. A non-linear second-order
Computer analysis was developed for the prediction of deflections of hinged columns
throughout the loading range, from zero load to buckling failure. The analysis proposed
used a fundamental approach based on the derivation of load-moment-curvature
relationships which were then used in an iterative solution of the deflected shape of the
Column at each load. Schofield emphasized the importance of considering the effect of
Sustained load in design which substantially increases the deflection of very slender
columns, The maximum observed reduction was 46% of the shon—term bucklmg load.

Sakat et al [47] in 1983 rev1ewed the basic concepts in deahng with the slender
column buckling problem. They adopted what is known as the additional eccentricity
method in their study, which is based on an iterative procedure consisting of two parts; a
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second-order elastic analysis based on the finite element method to consider geometric
non-linearity and a cross-sectional analysis to consider material non-linearity. The
proposed formula for additional eccentricity took account of slendemess ratio, location of
reinforcement, compressive strength of concrete, yield strength of steel bar and the ratio
of sustained loads to their associated short-term ultimate loads. The numerical analysis
carried out showed that the slenderness ratio has the most s1gn1ﬁcant effect on the
additional eccentricity; this effect was expressed by a | cubic equation.

The treatment of the instability problem in Sakai’ s work is quite rational and the
denved formula for the additional eccentricity is based on log1cal proposals covenng all
\ 1mportant factors which affect the behaviour of slender columns. However, the
aPPhcatlon of the design method does not give a direct solution and a repetltlve procedure
stlll has to be carned out. Thrs work was nepubhshed in 1984 [48] with more detarls ‘

In later investigations, there was increased attention towards the behav10ur of
reinforced concrete columns subjected to axial compressive force and biaxial bending,
such as the work by Kwan and Llauw [49] Davzster [50] and Iwaz etal [51].

In 1986 Beal [52] proposed a graph1cal method for the analys1s of ax1ally and
eccentncally loaded slender reinforced concrete columns. The method has several
‘adVantages over the prevrously reported methods. Details of it are given in section 2.3
below. -’ <

Kong et al in 1986 [53] presented a graphlcal method for predrcung the bucklmg
loads of slender concrete columns The method compares moment with deflectxon for a
given column slendemess Curves relatmg these parameters can be drawn for various
axial loads and the method provides a rapid solution to the load capacity with a variety of
eccentricities for that column. In 1987 Kong and Wong in improving the method,
developed a computer program illustrated in ref.[54] to generate moment-deflection
curves without the need for human intervention. However, a separate set of
moment-deﬂection lines must be drawn for each column slenderness considered. The
method becomes tedious when different combinations of slenderness ratios are
considered for analysis with different combinations of concrete strength, reinforcement
and load duration as the number of graphs required becomes quite large.
e, A new definition for the slenderness of reinforced concrete columns was
proposed in 1987 by Cauvin and Macchi [55]. The modified definition takes into account
the influence of axial load, percentage of steel reinforcement and concrete strength. The
definition was Jusuﬁed by parametrlc numerical tests as well as by theoretical

cons1derat10ns
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- In | October 1987, Dinku [56) completed his M.Sc. dissertation in which he
investigated Beal’s proposals Coverage of his development is to be found in secuon 2.3
below. . . ,

Towﬁghi [57]in 1988 developed a computer program to obtain design tables for
reinforced columns subjected to axial load and biaxial bending. , :

| EI-MetwaIIy et al [58] in 1989 presented a three d1mens1onal non- hnear analysrs
of remforced concrete slender columns under b1ax1al bendmg combined with axial
COmpressxon The method was based on the numerrcal mtegratmn techmque ori gmally‘
developed by Cranston [59] Both matenal and geometnc non-linearities are accounted
fori in the analys1s The finite element method i is used for the dlscreuzauon of the column |
into a sufficient number of segments as well as the d1v1s1on of the cross-section into a |
number of finite areas Compansons with test data showed advantages in usrng this
extended method.

o A study by Mzrza and MacGregor in 1989 [60] was undertaken to determme the ,
Vanabﬂlty of short-ume ulumate strength of slender tied remforced concrete columns
‘ Results 1nd1cated that the slenderness ratlo, the longxtudxnal steel ratio and the end
. eccentncrty rauo srgmﬁcantly mﬂuenced the probablhty drstrtbuuon properties of the
: column strength ‘The vanabrhty of concrete strength was shown to be a ma_]or
COntnbutmg factor to the slender ‘column strength vanabrhty in a region of low
eccentricity ratios, whereas the vanablhty in steel strength made a major contribution to
the slender column strength vanabrhty when the end eccentricity ratios were high.

B In 1989 an 1terat1ve computer based procedure for the analysrs of slender‘
reinforced and prestressed concrete columns under sustained eccentric loadmg was
dcveloped by Gilbert [61]. Tlme-dependent behaviour, crackmg of the concrete and
geometric non-linearity were taken into account. Individual cross-sections were analysed
using an age-adjusted effective modulus method to include the time-dependent effects of
Creep and shrinkage. By dividing the time scale into several increments, the gradual
development of time-dependent cracking was traced as the lateral deflection of the column :
and the internal secondary moments increased with time due to creep. Predictions were
COmpared with a few laboratory tests and the agreement obtamed was consrdered tobe
good e IR ' ‘ '

- Recently in 1989 [62] Rangan developed a simple expression for estimating the
lateral deflection under sustained load for the standard case of a pin-ended slender column

Wwith equal end eccentricity and bent in single curvature. The expression compared
Teasonably well with 28 selected test data. The author suggested that the proposed
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expressmn could be treated as an additional eccentricity in the strength calculatlon of

‘ slender columns.

In more recent work [2] Rangan proposed a stability analysis method for a
standard pin-ended column, in which the moment-thrust-curvature relations were
_converted to moment-deflection curves for a chosen value of the axial thrust. The
moment-deflection diagrams required in the analysis were idealized as either elastic-plastic |
or elastic-brittle. The formula for creep deflection developed in the previous work [62]
~ was utilized. Based on the proposed method, proposals for design have been made.
Despite the gross simplifications of section behaviour adopted by the author (pure elastic-
plastic or pure eiastic-brittle), his analysis still involved much iteration and the design
method proposed is still quite laborious for real designs. Moreover, Rangan assumed a
value of 0.003 for concrete failure strain in his calculations. Although this is a reasonable
~assumption for short-term loads, this failure strain under sustained loads can reach a
magnitude of 0.008 or 0.009. This argument will be fully covered in later Chapters.

' As a summary of the above cited literature, the problem of buckling instability in
‘slender reinforced concrete columns has been well defined and recognised over the past
years. Many investigators have tackled the problem both analytically and experimentally.
' The theoretical procedures adopted were either quite laborious to use in routine design
calculations, (despite the simplifications in their assumptions, tedious cycles of numerical
calculations are required to produce the answer), or were so ngorous in their approach
ﬂlattheywerchmrtedmﬂlenapphcauon BRRAE L e e

The numencal and expenmental results obtamed, mdlcated that the tlme-dependent

secondary moments in slender columns may be significantly greater than the
instantaneous values and all researchers agreed that in the design of such columns, the

effects of cxeep must be adequately quanuﬁed.

An accumulauon of test data, shown in Table 2 1 whrch is adapted from reference
[48], has been made to examine the validity of various design formulas proposed for
slender columns. ‘A total of 909 tests has been gathered, of which 381 tests were
assembled by Cranston [37] 245 by Sakai et al [48] and the remainder, totalling 283, has
been added. |

It can be seen from T able 2. 1 that most of the expenmental work has been
focussed on the behav1our of slender columns under short-term loads, until 1969 when
increased attentlon was g1ven to sustamed load effects Nevertheless the number of tests
performed 1s st111 msuffic1ent o ' : ‘ ‘

Full-scale tests can undoubtedly provide the most reliable information. However,
the number of parameters involved, the effort and technique required to cast and test very
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' slender reinforced concrete columns having a slenderness ratio greater than about 40 and
~ the time necessary to complete long-term experiments, have restricted previous
: investigators and almost prohibited such tests.

A proper ‘theoretical analysis usmg conventional techniques is iterative and

| expenswe in computing ume A simplified rational approach for the analysis and des1gn

of slender reinforced concrete columns, which removes the need for iteration procedures,
backed by extensive full-scale long-term tests, seems to be highly preferable.

2.2 - Slender column design by Codes of Practice -

: The analys1s of slender remforced concrete columns is comphcated because the
‘ non;hnemues of the materials (caused by the cracking of concrete and time-dependent
~ effects) are combined with the geometric non-linearity which characterises the behaviour
of such columns.

o Fundamentally, the design of a slender reinforced concrete column should be
based on a rational second-order analysis of the structure. Such an analysis takes account
of the secondary moments produced by the vertical loads acting on the laterally deformed
Structure. Ignonng these additional moments in the analysis will overestimate both the
stiffness and the strength of the structural members As dlscussed in section 2.1 above,
thls kind of calculauon requ1res comphcated procedures, thus the method will not be-
| Convement in use. Therefore, the prov151ons for accountlng for slenderness effects in
codes of practice are based on simplified approaches which reduce the time and expense

' In the approximate design methods for slender reinforced concrete columns in
Various codes,‘ the basic forces and moments obtained by first order elastic analysis are
3 empmcally adjusted to reflect the reductlon in strength of the column caused by stability

effects" R : UL

. These approximate methods fall in three major categories:
(a) Reduction Jfactor method TRIC R

| In this method the axial load and moment computed from an ordinary analysis are -
divided by a reduction factor which is a function of slenderness ratio. This method is the
first concept in the design of slender columns and it is recommended as an alternative
design tool in the Commentary to the American Building Code ACI318-89 [7]. Design‘ of
slender columns according to CP114 [63] was also based on this principle.
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(b) Moment magnification method -

To approximate slendcrness effects in this procedure, the column is designed for
- an axial load and a magnified moment. The moment magnifier, by which the moments
based on conventional analysis are multiplied, is a function of the factored axial load and

the cntlcal buckhng load of the column

, Th1s mcthod is adoptcd for design in the current American Standard ACI318-89
- and the Australian Standard AS 3600-1988 [64]. It is considered to be a significant
improvement over the reduction factor method prescribed earlier as it calls attention to the
basic phcnonicnoo in slender compression members. Detailed study of this method is to

be found in ref.[65].
(c) Additional eccentricity method

According to this method, the moment at the critical section is taken as equal to the
Sum of the applied moment and a complcmcntary moment equal to the apphed load umes
an addmonal ccccntncxty - ' o | |

This method seems to be rational since it closely reflect the actual behaviour of
slender columns. It is widely accepted for design in Europe. The additional eccentricity is
Cxpressed as a funcuon of the slendemess ratio in the current British Standard BS8110:
1985 [6] and in the European Standard Eurocode No.2: 1984 [66].

In thc followmg secuons covcragc of the de51gn methods adopted in thc various

codes of practice is given.

22 1 Brmsh Standard BSSIIO 1985

The de51gn of slcnder columns in BS8110: 1985 [6] is based, as mentioned
above on the additional moment concept. For braced columns (defined in C1.3.8.1.5 in

the Code), thc proccdurc is as follows:

Thc addmonal moment Mydd caused by the lateral deflection due to bucklmg is
given by

Madd =Ny @.1)

aa=BaKh | 2.2)
) o
Ba =27.0-0(£.)2 | @.3)
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N N : ,
— Uz - 1% : .
K= Nyz -N lSIO . 2.4)
e Nuz =0.45 fcu Ac +0.87 fy Asc S I : (2.5)

~In lhcsc couatioxrsr
N = design ultimate axial load on the column (rcfcxrcd to as P in later Chapters).
2 = deflection at ultimate limit stte (referred to as ey in later Chapters).
K= reductiorr factorr
“ ‘ | h = dcptlx of ‘thc cross section measured in the plane undcr concidcraﬁon.
b’ = smaller dimension of the column.
Nuyz = des1gn ultimate capac1ty ofa sectlon when subjected to axial load only.

Nbal dcmgn axlal load capac1ty of a balanced section; for symmetrically-
" reinforced rectangular section, it may be taken as 0. 25fcubd.

A= net Cross- sccuonal area of concrete in a column. ﬂ

‘ Agc ‘-'—- arca of vcrticél reinforccmcnt. '
The initial moment M; at the pomt of max1mum add1t10nal moment (i.e near

mld-hclght of the column) is assumcd to be glvcn by
Ml O4M1+06M2>04M2 (2 6)

where M1 and M are the smaller and the larger mmal end moments due to dcs1gn
ultimate loads, respectively. Assuming the column is bent in double curvature, M should

be taken as negative and M3 positive.
The maximum design moment will be the greatest of (a) to (d):

@M - B @.7)

®) Mi+Magg PR 2.8)
(©) M1+Madg2 | : | 2.9)
(@ N emin - @10

©min is the minimum eccentricity equal to 0.05 times the overall dimensionvof the
column in the plane of bending considered, but not more than 20 mm.
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- For unbraced columns, the additional moment given in Eq.(2.1) may be assumed
“to occur at whichever end of the column has the stiffer joint; the additional moment at the
~ other end may be reduced in proportion to the ratio of the joint stiffnesses at either end. At
the critical section, the addmonal and initial moments act in the same dmectron and the two

are additive.

The approach described above abplies to columns having slenderness ratios l./h
equal to or greater than 15 for braced columns or 10 for unbraced columns. These limits
will in terms of lJr equal to 50 and 33.3 respectively for rectangular columns, where r is
the radius of gyration of the cross-section and is taken as 0.3h. Below these limits the
column is classified as short. Sixty is the upper limit permitted for the slenderness ratio
le/h of braced columns.

No recommendations concerning long-term deformations were given.

2.2.2 Americnn‘ Standard ACI318-89

The ACI Bu11d1ng Code [7] prov1sxons for slenderness evaluatlon of remforced
- concrete columns encourage the use of second-order frame analysxs wherever possible or
- Practical. In lieu of such improved analysis the Code provides for an approximate design

method based on a moment magnifier principle. Alternatively, the Commentary to the
Code [7] permits the use of the reduction factor method in certain cases.

Accordmg to the moment magmﬁcatlon method, a compression member will be
demgned for a factored ax1al load Pu and a magmﬁed factored moment Mc deﬁned by

Mc 8bM2b+8sts : (211)

C
H5b=___’_m_P;_.2 1.0 (2.12)
¢1Pc
§e=— >10 2.13
. Os sp. =10, (2.13)
¢12Pc ,
T2 El .
¢ =U)2 (2.14)
R M
Cp =0.6+0.4 -MI—ZEZOA (2.15)

g1 < Eclg /5 + Eqlse)

1+ Bq (2.16)

CHAPTER 2



. Or conservatively

~ where

16

pr=SElgl25) gy

1+ Bg

Mip = value of smaller factored end moment on a compression member due to the
loads that result in no appreciable sidesway, calculated by conventional
elastic frame analysis, positive if member is bent in single curvature,’
negative if bent in double curvature.

Moy, = value of larger factored end moment on compression member due to loads
that result in no appreciable sidesway, calculated by convenuonal elastic

frame ana1y31s
Mgs = value of larger factored end moment on compression member due to loads
- ‘that result in appreciable s1desway, calculated by conventional elastic frame

analysm

" 8p = moment magnification factor for frames braced against sidesway, to reflect

effects of member curvature between ends of compression member.

S 83 = moment magmficatxon factor for frames not braced against sldesway, to

“reflect lateral drift resulting from lateral and gravity loads.

Cm a factor relating actual moment dlagram to an equivalent uniform moment -

dlagram

Pu = factored axial load at given eccentncuy < ¢1Pn (referred to as P in later

_ Chapters).

: Pn = nominal axial load strength at given eccentricity.

”Pc crmcalload.

¢1 = strength reducuon factor (refexred toas ¢ in the Code)

EI = flexural stiffness of compression member.

| Eo= modulus of elasticity of concrete.

Es = modulus of elasticity of reinforcement.

| Ig = second moment of area of gross concrete sectlon about centrmdal ax1s

k neglectmg nemforcement.
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- 'Ise' = second momeht of area of reinforcement about centroidal axis of member
cross-section.

Bd rauo of max1mum factored axial dead load to maxlmum total factored axial

load, where the load is due to gravity effects only in the calculauon of Pc in
| Eq (2.12), or the ratio of the maximum factored sustained lateral load to the

maximum total factored lateral load in that storey in the calculation of P in
Eq.(2.13).

k =effective Jength factor.
L = unsupported length of the column (referred to as 1, in the Code).
2P, and Y P are the summation for all columns in a storey.

The slenderness effects may be neglected when the slenderness ratio kL/r is less
than (34-12 %I—l—b) for braced members, or 22 for unbraced members. When the
2b

slenderness i-étid KL/ris gleaier than 100, second order‘a'nalysis shall be made.

The ACI Code recogmzes the effect of suffness upon the strength of a slender
column, which decreases due to Jong-term loads, hence the introduction of the factor I3d

in the EI expression (B4 = 0 in the case of no sustained load).

For the past ten years, research has been done in North America to introduce
‘rehablhty-based load and resistance factors for use in computing the moment
magnification of slender reinforced concrete columns [67,68,69].

2.2.3 Eurocode No.2: 1984

' Eurocode No.2: 1984 [66] classifies structures into sway frames, rigid frames
and 1nd1v1dual columns. The method of accounting for second-order effects in the last
type depends upon the value of the slendemess ratio which is defined as:

_Lk |
A= (2.18)

where 1 = effective length.

r= radlus of gyratlon

A check for buckhng must be made if A > 25, for 25<A<140 the practical dcsxgn
methods glven below apply. For h;gher slenderness ratios the considerations set out for -
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large comprcssmn structurcs apply Thc use of slcndcrncss ranos higher than 200 is not
advised.

The practical design methods basically depend on the additional moment
approach In the cnt1ca1 sectlon the total ecccnmcxty attnbutcd to columns of constant

sectxon compnscs

a-Flrst rder eccentricifies equal at both ends

Cemsertosetate 19
M

cf:N_s—dSé ‘ N _ (2'20)

‘ ea:g—]&zzomm (2.21)

e2 =‘}96' oo -

When‘- ef= ﬁrst order cccentncuy (xcferred to as e, in the Code)

€a= addmonal ccocntncxty mtcnded to account for any uncertamty conccrnmg thc
location of the point of incidence of external forces.

. e2 = second order eccentricity. . -
Mg = first order applied moment.
Ngg = applied longitudinal force.
1 e
| 1 = curvature. |
In this case an equivalent eccentricity ee is intmducod to replace ef in Eq.(2.19).
The equivalent eccentricity is taken as the largef of the following two values:

Ce = 06 €os + 0.4 €oi - ‘ ‘ (2_23)
ce=0deos (2.24)

- where eoj and eog denote the first order eccentricities at the two ends, eos being
positive and larger than e;.
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The check for stability can be ignored if A does not exceed:

- Coi
Alim =50-25 Cos (2.25)

The second order eccentricity e3 is determined using the "model column method"
‘Which is an approximation found to be applicable to a large number of cases. According
1o that model, equation (2.22) can be apf)lied by means of tables or by using equilibrium
- method or an altemauvely smphﬁed procedure g1v1ng two equatlons for the curvature =

‘ :Can be used

The effects of creep deformations are , recommended to be considered in either of

the followmg approximate methods: °

- The addmonal deﬂecuon ec due to creep stram is added in Eq (2 19) Where
: ' ec is calculated usmg linear creep theory for the uncracked secuon

" - The stress-strain ‘diagram for concrete is modified by multiplying the strain
- by coefficients which take account of the relationship between the action

. effects giving rise to creep and the total design action effects.

~ Revisions to Eurocode No.2: 1984 are now underway and the final draft is
Produced as preliminary and not for publication. In the recent revised draft [70], a more
simplified approach regarding slender columns is recommended, similar to the BS8110
design method. The major changes cover the followmg points: ‘ T

- The 11m1t beyond whlch slendemess effects should be considered is
) expressed in terms of the ax1a1 force cross-secuonal area and the concrete

- cyhnder compresswe strength
R Equauon (2.21) for the additional eccenm'city. o
- Equarion (2.22) for the second order eccentricity.

. -The apphcat1on of equatlon (2 22) Is much mmphﬁed and one express1on is
. g1ven to calculate the curvature

"'~ The treatment of the effects of long-term deformations is different and is
_ almost ignored. |
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b L \v‘il, IR
224 _Other National Codes

2 2 4 1 Japanese Standard 1986

,\,~1 S

Accordmg to the Japanese Standard [71], a reinforced concrete column is
classxﬁed as slender when its slendemess ratio le/r is- greater than 35. In this case the
effect of lateral displacements of the columns shall be considered in the structural
analysis. The Code stipulates that in the determination of the secondary moments due to
lateral displacements, the following factors should be taken into account: slenderness
_ Tatio, geometry of the cross section, types of load, conditions of confinement at the ends
Of the column propertles of matenals, quant1ty ‘and arran gement of remforcement, effect
of Shrmkage and creep and so forth. Since such analysxs is comphcated the Code permits
~the use of an’ approxlmate method in which the secondary moment is calculated
Separately However, the Code does not spemfy any approach for approximating the
Secondary moments, though Sakai et al [48] mention that the reducuon factor method has
been adopted in the JSCE Concrete Code: 1980

2 2 4 2. Austrahan Standard 1988
The Austtahan Standard AS 3600—1988 [64] allows two procedures for the demgn
of slender columns In the ﬁrst, the axial forces and bendmg moments shall be

determmed from a ngorous structural analy51s whlch takes 1nto account the relevant,
| matenal properues and geometnc effects, in th1s case no approx1mat10n of secondary
moments s requlred in design. The second procedure is based on the moment
magnification concept, where the axial forces and bending moments are determined by
elastic analysis of the structure. The equation provided for the critical load varies from
that given in ACI318-89 and tends to be more complicated. The effect of long-term loads

is considered by introducing the factor Bq directly in the buckling load expression. |

225 Dire“ct ‘comparison"‘ o

B The development of n new Codes of Practice is influenced by other national codes
and world-w1de research Slmﬂanues between Codes are therefore 1nev1table due to their
historic development (e g. BS81 10 and Eurocode ACI and AS). ‘

Due to the numerous vanables involved in the stablhty problem of slender
columns, the formulatlon of an exact deSIgn method may not readily be poss1ble and it
appears that only a ngorous structural analysis which takes into consideration all the
factors affecting column strength will provide the desirable accuracy. Accordingly each of
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the three basic methods adopted by different Codes of Practice has its own advantages
and limitations. A rigorous analysis was permitted in some Codes (ACI, JSCE and AS).

In terms of accuracy, a comparison with test results [65], showed that the
additional eccentricity method gives a slightly better estimation of failure loads than the
moment magnification method and much better than the reduction factor method, which in
certain cases of unbraced frames was very unsafe. The moment magnification method
adopted in the ACI Code, produces conservative results for slender columns subjected to
low end eccentncmes and unconservative results for slender columns wuh hlgh end

ecccnmcmes [2 60 62]

~ In respect of simplicity in use, the moment magnification method is classified as
difficult in application because of the complexity of determining the EI value required to
calculate the buckling load. The reduction factor method and additional eccentncuy

method are considered easier methods for design [65].

The expressions provided for EI in the ACI Code (Eq.2.16 and 2.17) were
re-examined by MacGregor et al in 1975 [3] and more recently by Mirza in 1990 [72].
' Based on statistical evaluation of the parameters that affect the flexural stiffness of slender
reinforced concrete columns subjected to short-time loads, Mirza suggested alternative EI
expressions to those quoted for design in the ACI Code, claiming that Eqs.2.16 and 2.17
are quite ' approximate “when compared with the values of EI derived from -
thrust-moment-curvature relationships. Furthermore, he pointed out that ACI318-89
~ Eq.(10-11) (Eq.2.17 here) is in most cases less conservative than ACI318-89 Eq (10—10)
(Eq 2. 16), contradlctmg what is stated in the ACI Building Code. TR

. Vs i
Prev10us research work confirms the reductlon in the capac1ty of slender column

when it is subjected to continuous loading. Some Codes have shown their awareness of
this fact by including allowance for long-term deformauons in their provisions (ACI and
Eurocode), while others omitted any recommendations on this issue (BS8110).

All Codes agiee on ignoring the slenderness effects up to a certain limit, which
has a fixed value in BS8110 and the Japanese Code, whereas it varies according to the
ratio of end eccentricities acting on the column in ACI a.nd Eurocode 2. In the Australian
Standard, beside the ratio of end eccentricities, the ratio of the axial force to the ax1al
compress1on capacxty is also included in defining the limit.

The cntena used for the des1gn of slender columns in various Codes reviewed, is
based on a material failure mode i.e when the cross-section of the column develops its
ultimate stnength capacny }

‘.“
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2;3 Bédl's method of analysis and Dinku's development

A recent paper by Beal [52] proposmg a graph1cal method for the de51gn of
pm—ended slender columns, created some doubts about the accuracy of desrgn methods

adopted in current Codes of Practice outlined above

- The method allows rapid determination of columin capacity under any combination
of slendemess and initial eccentricity, simply and dlrectly, once section moment-curvature
relauonshlps are Known. Instead of plottmg moment agamst curvature in the conventlonal
fash1on Beal plotted load eccentncuy agamst curvature He based his calculanon on the
stress strain d1agrams for concrete and steel as suggested by CPllO part 1 "The
structural use of concrete” [38]. Another set of graphs were prepared relating mld—helght'
eccentncuy and curvature geometncally assuming a sine curve for the deflected shape of
the column. By overlaying the two graphs the section capacity could be established.

To investigate the method, Beal carried out sample analyses of pin-ended
reinforced concrete columns with two values of reinforcement ratio and concrete grade
-~ under specified load eccentricity and initial imperfection. He arrived at proposed reduction
coefficients for the design of the columns considered under different slenderness ratios.
In verifying the method he compared it with the test results reported by Cranston [37],
quoting encouraging figures for the standard deviation and coefficient of variation of the
ratio maximum load/predicted load obtained and recording substantial improvement over
 the corresponding figures for CP110 and CP114. Based on these findings, Beal
questioned the adequacy of the CP110 Code Provisions for the instability problem, "
bringing the safety margins allowed for in the design formulae in the Code into doubt and
open to criticism, claiming that the theoretical superiority of CP110 over CP114 is not
particularly certain. Considering that the Code of Practice BS8110 would give only
slightly different answers to CP110, this is a substantial criticism of current design

practice.

Dinku [56] conducted an investigation of the proposals set by Beal in the light of
existing experimental data provided in Cranston’s report [37] and in comparative |
examples with some design calculations [6,53,73]. The results obtained verified that the
graphical method could predict concentrically or eccentrically loaded pin-ended slender
column capacity, in short and long-term loading conditions, faster and more safely than
the existing alternative methods once the graphs are prepared. |

Dinku developed computer programs to generate load eccentricity-curvature
graphs in terms of capac1ty ratio (P/Po), based on stress-strain relationships for concrete
and steel spec1ﬁed in CP110. In producing load eccentricity-curvature curves for
long-term loading conditions, Dinku made allowance for sustained load effects by taking
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the long-term strains as 2.5 times short-term values. Different material strengths and
reinforcement percentages with three conditions of initial imperfection were considered in
the investigation. Based on the reduction coefficients obtained, he concluded that
eccentrically loaded pin-ended slender columns have lower capacity than respective
concentrically loaded columns under the same material and sectional properties, when
subjected to similar loadmg The effect of slenderness was found to be more 31gn1ﬁcant
than material strength and remforcement percentage in terms of strength reduction.

The result*: obtamed by Beal and Dmku were promrsmg and encouraged the
canylng out of further research to investi gate the graphical method proposed and verify it
by a programme of tests under short and long-term loading conditions. In particular it
was recommended that more accurate predlctlon of column capacity could be achieved if

the‘ W@?m,‘,’f creep and concrete failure strain in the long-term were better represented.
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Table 2.1 : Test data.

No.of | Type of column™ ” Method of loading™**
Researcher Date ‘
essf gy [r | B | 5|1 |Ls|Lcl-cs|cs
Baumann[16] (1934 | 43 f30 |13 | - §43|-|-|-1| - |-
Thomas [17] 1939 ff 14 fl1a ] - | - 1)) | - . -
Rambgll [74] 1951 38 U 38)]-1)-{38)-]1-]-1-1-
Emstetal[19] [1952] 8 | 8 | - [ - |8 |-|-]-1- |-
Gehler&Hiitter j ] l j j ] ) ]
ehlerfyiner [ 1954 | 50 | 50 B
Gacde76]  [1958 ] 16 16| - |- [8|s]-|-]-]-
Kordina(77] - |1960 4 [ 4 | - [ - f4|-|-]-{- |-
Aas-Takotsen  Tiosof 20 f20 | - [ - faof -[-]- |- |-
Chang&Ferguson . I B R - .
e 19634 6 | 6 6 | -
StenzbMarin yoe3 | s2 | - [s2 | - [s2|-[-[-]- |-
Breen&Ferguson - ] j ] ] )
e [27] 1964 f 6 -1 6 S ENERE
Ramamurthy [79]] 1965 || 55 | - | - | 55055 - -] - - | -
Martin&ORLvien \ 1 _ 1.1 1.
g0y« |19664 8 | 8 - |- |8
MacGregor& j 1. _ i i
Furlong& ‘ j ] ) _ i i
FergUSOIl [82] H 1966 7 . 7 ; 6 ) 1
Ferguson&Breen 1 1+ 1 . . _ _
[83] 1966 8 f - |8 | 7] 1
Green [84] 1966 5 [ s|-|-0f-s51-1-1|-1-
Pannell& -~ - i i ) -
Robinson [28] | 1968 | 17 f 9 | - | 8 {17 -
Green&Breen
[31] 1969 ) 10 fof-|-4-fw0]-1]-1}-1-
Mehmeletal [85]( 1969 || 16 || 14 ) 2 | - fl16) -} -} -1 - | -
Breen&Ferguson N )
1861 1969 ff 10 10| - | - |10 S
Ramuetal(32] |1969 | 37 |37 ] -} - [ 6 |19]12) -] - |-
Goyal [33] 1970 | 46 fl46 ) - | - f26) -2 -1 - | -

Continued



Behan&OConnor 1982 | 67 | 67

2z,

No.of || Type of column™ Method of loading™™
- Researcher Date ‘

essh gy | F | B S|]L |L-S|L-CJL-C-S

Hellesland& _ ] ) j ] 7
Green [34] 1971 7 7
.| Drysdale& ; j 1 ]
| Huggins [35] . ‘1971 57 8 49 1261161} 15
| Cranston& i | i

Hirasawa [87] [1974 ) 55 § 11} - |44 35| - |10 ]|

Kordina[88) = {1975 | 12 . 12 - | - J - | - |12

Greende. - lygrs o8 s - o[-

| Hellesland [39] 2 -
Blomeier&Breen i _ - - -
. [40] 9754 3 4 - [3]-13
Wu&r[%%gms_, 19774 34 .- |- |34] 8 |26] -

Pancholif29] | 1977 | '39 [ 39} - | - 33| 6| -

Gruber&Menn ; . N P -1 - -
Dracos [5] 1982 | 40 fla0 ] - |- fl36)2|2]"-]"-

- [46]

Schofield [30] .« | 1983 | ‘55 || 55| .- | = {50 5 | -

2

2
Iwaietal [51] | 1986 | 36 - 136 136 - -] - -

4

e Total 909

L

[* 4] ]
‘81
|

fam—ry

Pk

N

~J

w

- F=Fixed end column.
‘B= B1ax1311y loaded column b

*¥*S= Short-tcrm loadmg
‘L= Sustained loadlng
C Cychc loading. | :
L-S Long-term load followed by short—term test
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CHAPTER THREE

ANALYSIS OF SLENDER REINFORCED CONCRETE COLUMNS - ..

3.1 Introduction

The theoreueal analysrs described here is fundamentally similar to that followed
by Beal [52] and more recently by Dinku [56]). The computer programs initially
developed by Dinku to generate graphs for eccentr1c1ty agamst curvature for different
‘ capac1ty ratios (P/Po), were limited in their apphcatlon due to the fixed values used for
some of the variables (position of reinforcement d/h and creep coefficient ¢). Factors of

 safety for concrete and steel were totally omitted in the programs. Dinku's programs were
based on CP110 stress-strain relationships for concrete and steel, as the main aim of his
work was to investigate Beal’s proposals.

i It "waé’uiérefdré necessary at the early stages of the current research to generalize
the programs to deal with different locations of reinforcement and to take account of
possible long-term deformatlons Also they needed to be updated using BSSI 10

Stress-strain dlagrams for concrete and steel and making allowance for using dlfferent
values for the partial safety factor for stnength of materials. ‘

: This Chapter is concerned in summarizing the steps followed in the analysis and
. describing the modifications and developments made to the existing programs. It also
covers other programs written to complete the analys1s and plot the graphs required.
Some of the factors wh1ch affect the theoretical results,\also discussed.

v o n
W

3.2 Basic assumptions of analysis =~

| Basicaily ‘mosr of the a‘ssumptionsv adopted by Beal in his proposai for the
graphrcal analysxs and by Dinku in his investigation of the method are valid here.

b

L The followmg prmcxples apply throughout the theoretlcal analys1s in the present
work: ‘
1- The analysis is restricted to columns hinged at both ends, either concentrically
.. or eccentrically loaded with equal end eccentricities.
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. 2- Full bond exists between steel and concrete and a linear strain distribution
profile exists before and after the application of bending.

37 For short-term analysis, concrete is assumed to have the stress-strain curve

.1 shown in Fig.3.1, which is reproduced from BS8110: part 1: 1985. For

long-term analysis, Fig.3.1 was modified to allow for creep effects, by

- " multiplying the strains by (1+¢) and consequently reducing the initial tangent
.; .. modulus of elasticity by the same factor. . :

4 The’ tensile strength of concrete is ignored.

5-The remforcement steel has a b1hnear stress- stram dlagram as shown in F1g 3. 2
(reproduced from BS8110: part 1 1985) | |

6- The deﬂected shape of the pm-ended column follows a sine-curve.

In the overall 1nvest1gat10n a symmetncally doubly remforced rectangular
Cross- sectlon 1s consrdered. The gross area of concrete has been used throughout the
3 calculatrons, no reductron has been made for the area occupred by the steel. ' ‘

3.3 Analysis carried out

The analysis was performed in two main procedures; the first was developed to
establish the relationship between load eccentricity and curvature in terms of capacity ratio
(P/Pg), and the second procedure undertaken to produce the second set of graphs between
bucklmg deﬂectron and curvature in terms of the slenderness ratio (le/h).

3.3.1 Load eccentricity-curvature relationship B
The procedure can be summarlsed in the followmg steps ,

Steg - The materials' properties are specrﬁed at this stage i.e. fy, fy and %As
Specrﬁc values are assumed for the variables: d/h and ¢ (¢ is used in the case of long-term

analysis). Factors of safety are taken as unlty, for the purpose of comparing the results -
with the expenmental work ‘

: Step 2 The depth of the column cross—sectlon was subdivided into forty equal
intervals at 0.025h, as shown in Fig.3.3(a) (whlchxadapted from ref. [56]). The neutral
axis was then varied from -40 outside the section to 39 inside the section. o

Step3  For each neutral axis position, within or outside the section (see Fig.3.4
adapted from ref. [56]), the concrete strain at the extreme compression fibre at the top of
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the section, was varied from 0.0001 to 0.0035 for short-term loading as shown in
Fig.3.3(b) and from 0.0001(1+¢) to 0.0035(1+¢) for long-term cases.

Step 4 For each value of the extreme compression fibre strain, the respective
compress1ve strams in concrete throughout the section at the specified intervals were

calculated and the correspondmg stresses were obtained from Fig.3.1 for short-term
analys1s (as mentioned above the diagram was modified by (1+¢) for the long-term

- analysis). Integraung these stresses, using the trapezoidal rule, gave the resultant load and
moment due to concrete alone. The equations used are given below:

P‘C = 80 [ fcl + 2 { fc2 + fc3 + fc4 + coene + fe39 + feq0) + fc4l ]bh  (3.1)

Mc = 0 [ 4. 17x10 3f¢1 + 0. 025fc2 +0. 05fc3 + 0. O75fc4 +0. lfc5 + 0. 125f06 +

0. 15f7 +0. 175fcg +0. 2fc9 +0. 225f¢10 +0. 25fc11 +0. 275fc12 +0.3f13 +

. 0.325f14 + 0.35fc15 + 0.375f;16 + 0.14f;17 + 0.425f:18 + 0.45f:19 +
0.475f:20 + 0.5f:21 + 0.525fc22 + 0.55fc23 + 0.575fc24 + 0.6fc25 +
0.625f¢26 + 0.65fca7 + 0.675fc28 + 0.7fc29 + 0.725fc30 + 0.75fc31 +
0.775f.32 + 0.8f.33 + 0.825f.34 + 0.85fc35 + 0.875f:36 + 0.9fc37 +

‘ 0 925fc38 +0. 95fc39 +0. 975fc40 + 0. 496fc41] bh2 | | 3.2)

where P c= resultant concrete force

M c = resultant concrete moment calculated about the bottom edge of the

Cross-section.
‘fcn = stress corxesponding to the neutral ax1$ at the (n-l) position (Fig.3.3‘). ’
’ ;' b = width of  column.
"h= depth of the cross-section measured in plane of bending.

_tep__i For the same neutral axis posmon as in step 3 and at each spec1ﬁed value
for the concrete strain at top of the section as in step 4, the strains in steel were evaluated
and the corresponding steel stresses were determined from the stress-strain diagram
shown in Fig.3.2. Multiplying these stresses by steel area, the resultant forces and
moments due to steel strains can be obtained. Hence: |

. A A
Pg =Ps1+Ps2 = f5) ‘:‘f"‘ fsz‘js' SRR 3.3)
LA
M; =f51 5* 3 d+ fs2 (h-d) (3.4)
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where Pg =resultant steel force.

| Mg = resultant steel moment taken about the bottom edge of the section.

fs1, f52 = stresses in top and bottom steel respectively (see Fig.3.4).

(the term "top" here refers to steel near the highly compressed face).
Ag = area of steel.
d= effective depth of tension reinforcement.

Step 6 To obtain the total force and moment resisted by the reinforced concrete
section at a particular neutral axis position and at a particular value for the concrete
compressive strain at the extreme fibre, the resultant forces and moments in concrete and

steel as calculated in steps 4 and 5 were added together,i.e:
Prc=Pc+Ps=P . (3.5)
Mrc=Mc+Ms=M o o 66

Lp_l To calculate the eccentricity, the total moment M is divided by the total
force P and a value of O Shis subtracted from the result to obtam the eccentncny about
; the centr(ndal axls since the moments wexe taken about the bottom edge, hence SRR

e=p - 0.5h = 3.7)
Ste 8 The ratio P/Po can be determmed now, where Pis the capacuy of the

remforced SCCthIl as calculated in step 6 and Po 1s the squash Ioad glven by the followmg
formula o

Po=067foy Ac+Asfy - 68)
vlzhere * A¢ = gross cross-sectional area =bh.
| fa-comemcaosmagh,
. 'fy = tensile yield stress of steel.

The coefﬁc1ent 0.67 takes account of the relatlon between the cube strength and
the bendmg stren gth in a ﬂexural member. ‘ o

vy

CHAPTER 3



30

Step 9 « For the same neutral axis position specified in step 3 and the same vailue
glven for the concrete strarn at the extreme compress1on fibre in step 4, the curvature - is

s calculatedfrom

€n-€n-1 | 3.9)

= curvature.

= | p—

where
o £n stram at nth mterval

U SjLQ Steps 3 9 are repeated for all stram vanatlons at the part1cular pos1t10n
S of the neutral ax1s specrﬁed in step 3 but for the same assumpt10ns as step 1.

M Steps 3-10 are repeated for all neutral axis posmons but again for the

e same assumpuons as step L B

b

. §_ep__ Usmg linear mterpolauon the values of eccentncrty and curvature were
iR 1 determmed for the following values of the ratio P/Pp: 0.02, 0.05, 0.1, 0.2, ..., 0.8, 0.9.
S “ ‘ Hence, the data for one graph is produced. .

Lot S_ep_& - The assumptions of step 1 are varied and steps 2—12 are repeated for
g dlfferent matenal properties i.e fcy, fy and %As. The effective depth ratlo d/h may vary
and in case of long-tenn analysrs the creep coefﬁaent ¢ can also be vaned. ‘

To handle the above calculatrons efﬁcrently, two computer programs, namely
‘ COLUMNBS PASCAL for short-term loads and COLMNBSL PASCAL for long-term
loads were used and both are provrded in Append1x A. The two programs were
developed from the work of Dmku and updated accordmg to assumptlons (3) and (5) of
3.2 They are of w1der apphcauon as no fixed values are used for the variables involved.

: ; Once step 12 is completed, the relauonshrp between curvature and eccentncrty,

, terms of the specrﬁed values of the ratio P/Po, can be represented graphically in a series
of curves. A simple program written in FORTRAN was used to plot the data utllrzrng a

- graphical package, the program is called UGHOST44 and is attached in Appendix A. :

\The range of variables whrch could be consrdered is very large and some
resmcnon is necessary to keep the total number of graphs toa pracucal level

Sy
[REN g
IER R T 4

: After carrymg out mmal tests, the followmg values were selected as appropnate
for the vanables mvolved : S ‘ B
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1- Concrete characteristic cube strength: fou = 40, 50, 60 and 70 N/mm?.
2- Tensile yield stress of steel:‘t'y =530 N/mm?2.
3 Remforcement ratio: %As =2, 3 and 4,
; 4- Effectwe depth ratio: d/h 0 75 and 0.8.
' ‘v | s Cneep coefficxent o= 2 0, for long-term gxaphs.
| 6- Parual safety factor for strength of materials: Ym =1.0.

D1ffcrent combmauons of the vanables were conSIdered to illustrate the trend.

Typ1ca1 examples of the graphs produced are shown in Figures 3.5 to 3.13 for short-term
‘ _‘loadmg and in Flgures 3.14 to 3.22 for long-term loading. These graphs were utilized

later to analyse the expenmental results.

The broken line at the nght-hand end of the curves corresponds to the fa1lure
E»stram of 0 0035 for shon—term loadmg and 0 0105 for long-term cases. | ’

‘3.‘3.2" | Bucklmg deﬂect_ion-cnt'v"ature relationship

""" The buckling load of pin-ended elastic strut was first established by Euler as:
eE

o 2 =—]e-2—‘ (3.10)

. where Pc = bucklmg load.

EI ﬂexural stlffness of the column.

le effectlve length ofthe column e

Cons1dermg equatlon 3. 10) and assuming a sine curve for the deflected shape of
the column the relauonshlp between curvature and mld-helght eccentncuy can be

e 1 N
A (o (’é)z e

‘ An‘allo‘wan‘ce for mmal imperfection eo is made by including itin eqm&on (3.11),

~expressed as follows

thus:
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where eo = 1mual 1mperfecuon at mxd-hexght glven in terms of Ie.

The relauonshlp shown in equauon G. 12) was plotted for a range of slenderness

ratios between 18 and 63, cons1der1ng two values for the initial imperfections eg=0.0 and
e0=>5. 68x10'4L The resultant graphs are shown in Figures 3.23 and 3.24. Equation
(3 12) was programmed using PASCAL to ease production of the data. The program was
named BUCKDEF PASCAL and the data plotted using program UGHOST99
FORTRAN. Both programs are attached in Appendix A. Program UGHOST99 is applied

through a graphical package.

3.3.3 Theoretlcal results

Havmg obtamed the necessary graphs, the analys1s can now be performed. For
the greatest convenience Figures 3.23 and 3.24 were produced on transparent overlays.
The reduction in column capacity under any combination of slenderness ratio and load
eccentricity can be determxned duectly by supenmposmg the overlay on the relevant graph
from the load eccentncuy-curvature curves. The effect of initial load eccentnc1ty ej is
taken mto account s1mply by shdmg the overlay verucally to the appropnate value of ej/h.

To 111ustrate how the method works typlcal supenmposed graphs are shown in
Flgures 3 25 10 3 28 for drfferent combinations of load eccentricity and initial
lmperfcctlon Flgure 3.25 glves the solution for a column with initial imperfection,
havmg a slenderness ratio of 28.8 and with a load eccentricity of e;=0.1h under
short-term loadmg conditions. The buckhng load is given at the point where the straight
line of le/h—28 8 becomes tangential to one of the curves. Therefore,for this particular
‘ example the bucklmg load P equals 0.3Pg, where Pg is the maximum axial capacity of the
section. The tangentral point also gIVCS the eccentricity of axial load about the centroidal
‘ax1s at column mid- -height at the point of instability, which could be read off the vertical
axis, hence e=0.24h. Subtractmg the values of e and e;j from the eccentncuy e (ie
(e-ej-e0)) will give the deflection due to first and second order effects Frg 3.26 shows
another example for a column hav1ng a slendemess rano of 18 and a load eccentricity
.&i=0. 1h, loaded under 1ong-term condmons Assurmng no initial 1mperfect1on the
buckhng load was found to be 0. 4Pg and the correspondmg eccentricity at this load
;equallcd 0.245h. In F1g 3.27 a different combmatlon was considered for the same
column. The load was assumed to be axial i ie zero eccentrrcxty and initial 1mperfect10n of
5. 68x10“4L Consequently the load and tmd-helght eccentncuy were found to be 0.6Pg
| and 0. 08h respecuvely A fourth case 1s shown in F1g 3.28, where load is applled at an
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eccentricity e; of 0.1h with the initial imperfection. This is the most common combination
which would occur in practice; under this assumption the buckling load for a column of
slenderness ratio of 26.47, under long-term loading conditions, will be 0.2Pg and the
corresponding eccentricity 0.315h. The case of zero initial imperfection and pure axial
load was not considered as it was thought to be highly unlikely in practice.

To achieve simplicity and accuracy in obtaining the theoretical results, different
scales were chosen for the vertical and horizontal axes. In cases where the tangential
- curve does not appear on the graph, linear interpolation may be employed to plot it.

3.4 Influences on the theoretical results

34. 1 Stress-stram dragrams

The proposed method of analysrs outhned in 3 3 is not conﬁned to remforced
concrete columns; it can be applied to columns of any other materials, once the

stress- stram relatlonshlp is determmed.

‘. W_; A ; L AT "”w,f'.f .

The stress-strain dragrams shown in Flgures 3 1and 3 2 for concrete and steel

are reproduced from BS8110: part 1: 1985. These curves have been derived from the
. available data to be representative for design purposes. Since the main aim of the analysis

* carried outis to help establish a design method, these curves were adopted here.

, Tensrle force taken by concrete is 1gnored throughout the mvesugauon because it
has a neghgrble effect. SchofleId [30] made some comparrsons between the results -
obtained with and without allowing for the effect of concrete tensile strength and
concluded that "It is advxsable to include an allowance for tensile concrete strength for
deflection analysrs but it may be safely neglected for the determination of buckling loads".
Cranston [37] in his computer studres to develop a design method, wh1ch formed the
basis of CP110 Code provrslons 1gnored the 1nﬂuence of the tensile strength of thev

‘ concrete whrch m h1s oprmon should mcrease the ulumate load in an actual test.

‘Strains in concrete are known to 1ncrease w1th time under constant stress, even at
very low stresses and under normal envuonmental condmons, causmg a decrease in the
stiffness of the structural member. To cater for sustained load effects, an allowance for
creep has been made by modrfyrng the stress strarn dlagram shown in Fig.3.1. The
strains are multiplied by (1+4¢) where ¢ is the creep coefficient and the initial modulus of
elasucrty is reduced by the same factor i.e using the effective modulus of elasticity. The
creep. coefﬁcrent was produced as a variable in COLMNBSL PASCAL, making the
program capable of acceptmg any value Thrs could be measured expenmentally or.
assessed usmg dlfferent methods avatlable for CSUmatmg creep under vanous conditions. .
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A value of 2.0 was used for ¢ in producing the long-term graphs (Figs.3.14-3.22). Beal
[52] in his long-term analysis assumed the reduced modulus of elasticity to be 40% of the
short-term value. He based his assumption on figures in the handbook on the unified
Code CP110 for structural concrete [90]. Dinku [56] adopted the same value in his
investigation of Beal’s method.

The effect of adoptmg BSSI 10: part 1 ﬁgure for the initial tangent modulus of
' elasuc1ty

e e , Ec=5.5»\/£@l‘ ' &N/mm2)  (3.13)

results in overestimation of column capacity if the actual ﬁgures are lower than that given
by the above equatlon, or underesumatxon of the capacity if the actual ﬁgures are higher.
Con51der1ng the purpose of this work and the fact that the value of Ecis hkely to vary
throughout the helght of the column usmg the BSSllO ﬁgure for Ec stands as a
reasonable assumptlon B

Equauon (3.10) was used in the moment magnification procedure adopted for
design of slender columns in ACI318-89 [7]. The main problem in that formula, as stated
in the Commentary-ACI318R-89 [7], is the choice of the stiffness parameter EI. Based
on detailed study, MacGregor et al [3] concluded that it is difficult analytically to derive a
unique expressmn for EI due to the complexity of the problem because this parameter is
affected by many varxables such as the magmtude of moment, degree of crackmg, creep,
the non-lmeanty of the concrete stress-strain curve and the location and amount of

remforcement

3.4.2 Trapezoidal rule

L The napezoidal rule adopted in the program to obtain the resultant concrete force
and moment was ongmally suggested by Beal in his proposal for the graphical analysxs
Beal d1v1ded the depth of the column cross-section into 5 parts at 0.2h intervals and
Dinku divided the sectlon at intervals of 0.1h. A’ close look ‘at Dinku’s load
eccenmcny-curvamre graphs in terms of P/Py, showed that some of the curves clearly do
not follow the general trend, in particular the curves for P/Pp of 0.05 and 0.1. Examining
the data for these curves revealed that there were not enough points for the eccentricity
and curVature to plot the ckur'ves correctly,‘particularly attheir ﬁnal parts.

The best way to mcrease the number of data pomts was by dividing the section at
smaller mtervals of 0. 05h ie d1v1d1ng the depth into 20 sections. Quite significant
1mp_rovement was achleved in the smoothing and the trends of these two curves as the
number of data points increased, thus confirming that the problem is with the trapezoidal

CHAPTER 3



35

rule rather than any inherent defect in the proposed analysis. However, when plotting the
curves at full scale (i.e up to the end points which correspond to the failure strain in
concrete), it was found that in some of the graphs, the end points of two curves for P/Pg
of 0.05 (or 0.02) and 0.1 were still incorrect. The reason was that, when the neutral axis
is within about 0.2h or less from the top of the section, the force due to concrete is very -
- small compared with the moment and any small error msultmg from the approximation
implied by the trapezoidal rule, is considerably magmﬁed when dividing the moment by

the load to obtain the eccentricity.

In an attempt to mmnmse thc problem, the section was furthcr subd1v1ded mto 40‘
pansq of 0.025h intervals. A shght improvement was achieved this time and the error was
confined to the end points of the two curves for P/Pg=0.05 (or 0.02) and 0.1, and in
~ most graphs to the curve of P/Pg=0.05 (or 0.02). This problem is considered minor as it
does not affect the theoretical results in any way because it occurs outside the practical
design range of the curves (instability, as will be covered in later Chapters, occurs at
relativcly low concrete compressive strains); accordingly the problem was considered too
negligible to merit further consideration. However, for the purist the exact solution can be
determined by using direct integration to calculate the area of the stress-strain block for
concrete and its centroid. Alternatively, to calculate the end points precisely, the area of
the simplified stress block for concrete given for design in BS8110: part 1: 1985, may be
- used. Details of these two methods are given in Appendix B.

‘ The only limitation in the program due to employing the trapezoidal rule, is that
the value of the effective depth ratio d/h is entered as a number of 0.025 increments,

- which is sufficient for design purposes.

3.4.3 Inmitial imperfections

, The question of initial imperfections must be considered in any design method for

slender reinforced concrete columns, due to the fact that the carrying capacity of such
columns is greatly affected by lateral deformations. In practice, columns are never
straight; inevitably there is always a bow occurring due to construction misalignment and
~ casting errors. Therefore columns cannot be guaranteed to be truly axially loaded [91]; the
possibility of éccidental eccentricities always exists, hence the recommendations for

minimum eccentricity adopted in codes of practice.

Assessing the amount of initial imperfection present is difficult; published data on
this matter is rare and accordingly the figures adopted for the minimum eccentricity in
codes of practice are arbitrary. Based on practical considerations, Beal [52] used a value
of 0.0015L in his analysis. To investigate the effect of including the initial imperfections
on the theoretical results, Dinku [56] considered three values: 0.0, 0.0015L and 0.003L
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in his comparisons with the test data tabulated in Cranston'’s report [37]. The value of
0.0015L was found to give results which agreed reasonably with the experiments; while
ignoring the initial imperfections in the analysis generally overestimated the section
capacity. This, suggested that however small the initial imperfections in the laboratory test
specimens, they should be considered in the theoretical approach. :

Cranfston [37] when applying the design method he developed to the test data, did
not include any allowance for minimum eccentricity.

To clarify any doubt about this point two values were used in the present analysis
for the initial imperfection: 0.0 and 5.68x104L. Detailed discussion on this issue foliows

in Chapter 5.
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Fig.3.4 Strain and stress distribution for symmetrically reinforced
concrete sections. ‘



Eccentricity e/h

40

feu = 40 N/mm2
fy = 530 N/mm:
%AS = 3.0
d/h = 0.75

Fig.3.5 Eccentricity vs Curvature relationship for
Short-Term loading.
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feu = 40 N/mm?2
fY = 530 N/mm?2
%g = 3.0
d/h = 0.80

Fig.3.6 Eccentricity vs Curvature relationship for
Short-Term loading.



42

feu

%AS
d/h

= 50 N/mm?2

530 N/mm1
3.0
0.75

Fig.3.7 Eccentricity vs Curvature relationship for

Short-Term loading.
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feu

%Ag
d/h

= 50 N/mm?2

530 N/mm:
2.0

= 0.80

Fig.3.8 Eccentricity vs Curvature relationship for

Short-Term loading.
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feu = 50 N/mm3
u = 530 N/mm1l
%wAS = 3.0
d/h = 0.80

Fig.3.9 Eccentricity vs Curvature relationship for
Short-Term loading.



45

feu

%AS
d/h

= 50 N/mm?2
= 530 N/mm1

4.0

= 0.80

Fig.3.10 Eccentricity vs Curvature relationship for

Short-Term loading.
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er =

%AS
d/h

60 N/mm?2

= 530 N/mm1

3.0
0.75

Fig.3.11 Eccentricity vs Curvature relationship for

Short-Term loading.
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Curvature h/r (*0.001)

fau = 60 N/mm?2
fy = 530 N/mm:
9%AS = 3.0
d/h = 0.80

Fig.3.12 Eccentricity vs Curvature relationship for
Short-Term loading.
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Curvature h/r (*0.001)

fau = 60 N/mm?2

fT = 530 N/mm?2
%y =4.0
d/h = 0.80

Fig.3.13 Eccentricity vs Curvature relationship for
Short-Term loading.



Eccentricity e/h
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feu = 50 N/mm?2
fv = 530 N/mm:
%g = 3.0
d/h = 0.75

Fig.3.14 Eccentricity vs Curvature relationship for
Long-Term loading.



Eccentricity e/h

50

Curvature h/r (*0.001)

feu
fv
%AS
d/h

= 50 N/mm?2
= 530 N/mm1l
= 2.0

= 0.80

Fig.3.15 Eccentricity vs Curvature relationship for

Long-Term loading.



Eccentricity e/h
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feu = 50 N/mm2
fy = 530 N/mm:
g = 3.0
d/h = 0.80

Fig.3.16 Eccentricity vs Curvature relationship for
Long-Term loading.



Eccentricity e/h
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feu = 60 N/mm2
fy = 530 N/mm?2
% g = 3.0
d/h = 0.75

Fig.3.17 Eccentricity vs Curvature relationship for
Long-Term loading.



Eccentricity e/h
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Curvature h/r (*0.001)

fau = 60 N/mm?2
fv = 530 N/mm1l
YAS = 2.0
d/h = 0.80

Fig.3.18 Eccentricity vs Curvature relationship for
Long-Term loading.



Eccentricity e/h
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Curvature h/r (*0.001)

feu = 60 N/mm?2
fY = 530 N/mm?2
%AS = 3.0
d/h = 0.80

Fig.3.19 Eccentricity vs Curvature relationship for
Long-Term loading.



Eccentricity e/h
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feu = 60 N/mm?2
fY = 530 N/mm2
%AS = 4.0
d/h = 0.80

Fig.3.20 Eccentricity vs Curvature relationship for
Long-Term loading.
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feu = 70 N/mm?2
fy = 530 N/mm?2
%AS =3.0

d/h = 0.80

Fig.3.21 Eccentricity vs Curvature relationship for
Long-Term loading.
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Eccentricity e/h

o\

Curvature h/r (*0.001)

fau = 70 N/mm2
fr = 530 N/mm1l
%AS = 4.0
d/h = 0.80

Fig.3.22 Eccentricity vs Curvature relationship for
Long-Term loading.
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Fig.3.23 Buckling deflection vs Curvature relatlonshlp

with no'initial imperfection..
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Fig.3.24 Buckling deflection vs Curvature relationship

with initial imperfection of 5.68x107*L.
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Eccentricity e/h

feu = 40 N/mm2
fY = 530 N/mm?2
%A3 = 3.0
d/h = 0.75

Fig.3.25 Graphical analysis of column with 10h=28.8, e~O.lh
and with initial imperfection (Short-Term).
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Eccentricity e/h

fau = 60 N/mm2
fy = 530 N/mm?2
% g = 20
d/h = 0.80

Fig.3.26 Graphical analysis of column with l¢h=18, e~O.lh
and with no initial imperfection (Long-Term).
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Eccentricity e/h

feu = 60 N/mmz
fY = 530 N/mm?2
%g = 2.0

d/h = 0.80

Fig.3.27 Graphical analysis of column with l¢h=18, e,=0
and with initial imperfection (Long-Term).



Eccentricity e/h

feu = 60 N/mmz
fY = 530 N/mm?2
%g = 20

d/h = 0.80

Fig.3.28 Graphical analysis of column with 16dh=26.47, e”~O.lh
and with initial imperfection (Long-Term).
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CHAPTER FOUR

EXPERIMENTAL ARRANGEMENTS |

4 1 Materlals

4.1.1 Cement

- Ordm&y Portland Cement (Type 1) conforming to BS12: 1987 was used.

4. 1 2 Aggregate g

. The aggregates were supplled from North N ottmghamshxre The sand was Zone 3
and the coarse aggregate had a 10 mm nominal maximum size. Both aggregates
conformed with the requu'ements of B5882 1985 R ‘

413 MReinforce‘rnenlt‘ o

TRERE R £y ;
P SR B R L B

. Hot-rolled high yield steel was used for the longitudinal bars throughout this
mvesngauon For dlameters 10 and 12 mm, where the steel showed the charactenstlcs of

cold-worked steel, the y1e1d stress was taken at 0.2% proof stress.

. 'I'he results of tens1le tests on sample bars are glven in Table 4. 1 and typlcal
stress stram curves are shown in Flg 4.1. Mlld steel was used for the hnks

4.2 . Column construction -
4.2.1 Reinforcement cage and spacers

"I'hecage was assembled and placed in the prepared casting mould. The main bars
were cut to length allowmg 20 mm at each end below the design length to provide cover.
| Preformed mlld steel stlrrups complymg w1th BSSI 10: 1985 requirements in terms of
spacing, were ﬁxed w1th steel clxps Fig.4.2 shows typ1ca1 remforcement detalls and the

cage is shown in F1g 4 9(a)
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Mortar blocks were used in the pilot-tests to maintain the position of the
re1nforcmg cage within an accuracy of +2 mm and to ensure the correct concrete cover.
For the main tests, welded spacers (a typical one is shown in Fig.4.9(b)) were found to
be more satlsfactory For each cage, four of these spacers were prewelded and dtsmbuted
in proportion to the column len gth and then fixed in posmon with steel clips. ‘

4.2.2 Concrete mix

- i+ As a preliminary, nine trial mixes were examined, to arrive at a design mix with a
characteristic cube strength at 28 days of 30-45 N/mm? and a reasonable workability
defined by a slump of 30-75 mm. Six cubes of each trial mix were cast, three were tested
after 7 days and the other three were tested after 28 days. Strength and slump tests were
carried out as specrﬁed in BS1881 part 116: 1983 and BS1881 part 102: 1983
nespectlvely : ‘ ‘ SAURITR

_ Imtlally a mix havmg a water-cement rauo of 0 6 and an aggregate cement ratlo of
6. 25 was selected and used for columns Cl to C4. This was modified in an attempt to
reduce the cube strength using the minimum cement content allowed in BS8110: 1985 of
275 kg/m3 '“Accordmgly, columns CS to C20 were cast from concrete havmg a
water-cement ratio of 0.63 and an aggregate cement rauo of 6.8. However there was no
‘ mgmﬂcant change in the cube strength The workablhty of this mix was found to be
sausfactory and no bleedxng was observed during or after compaction. The mix was also

homogeneous without any segregation. . '/ .

423 'Column mould

Columns C1 to C4 were cast in a 2.25 m long mould, the cross-section is shown
in Fig.4. 3(b) The sides of the mould consisted of two steel angles 200x125x12 mm,
bolted to a steel base channel 381x102 mm in a posmon giving the required W1dth (125 |
' mm), the depth of the cross-section (85 and 125 mm) was formed using adjustable herght
wooden base. These relauvely short columns were easy to handle, without any fear of
cracklng As the columns became longer it was necessary to develop a special mould for
th1s proJect to serve the castmg and handhng of the columns, Lo :

The mould consisted of:

(1) Two steel channels 254x89 mm, 6.5 m long, formed the two sides of the
mould and were bolted to a wooden base.

' (2) Steel plate 7512 mm, 5.30 m long fixed to the base.
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( -(3) Box section 75x50 mm, 5.30 m long.
11 @) Steel plate 75x20 mm, 5.30 m long.

(5) Four, 20 mm thickness, steel plates with widths of 80, 90, 100 and 125 mm,
- 5.30 m long.

Components (2) to (5) were fixed using self-tapping screws to give a constant

t depth of 152 mm for all the columns numbered C5 to C20. Figs.4.3(a) and 4.10 show

- the cross-section and elevation of the mould with the posmon of the lifting eyes.
- Varmshed timber stop ends were used to achieve the required length for each column. .

4 2 4 Castmg procedure

The mould was cleaned and coated with a thin layer of mould oil before the
prefabricated reinforcement cage was fixed in position. Concrete was mixed in a 200 kg
dry welght capacxty, revolvmg blade pan mixer; for larger mixes a 350 kg capac1ty mixer
© was used. For each concrete mix, all the constltuent materials were welghed in the

' required propornons before bemg fed into the mixer. The materials were turned over for
about half minute before the gradual addition of the required quantity of water, which was
~ followed by a further two minutes of mixing. A slump test on the fresh concrete was

carried out before the concrete was placed.

L
oo e

- Control @ecinlens (see 5.2.2, 6.3.2 and 6.3.3) from each mix were also cast in
. steel moulds on a vibrating table, before the concrete was taken to the casting bed. The
concrete was placed into the mould and compacted by means of a poker vibrator of 25

mm diameter.

+ All columns were cast horizontally and the concrete was placed symmetrically -
about the centre line of the mould i.e in respect to the lifting eyes. The exposed surface of
the columns and specimens were then trowelled off after the initial set had taken place
and then covered with wet hessian mats and polythene sheets. After 24 hours the control
specimens were demoulded and kept alongside the column. The column mould was
stripped after 3 days Both the column and 1ts specimens were left under cover for 7

days o

4.2.5 - Accuracy of column construction , | g

The moulds were mamtamed to a h1gh degree of accuracy Investlgauon showed
that the overall dimensions of the cross- SCCthIl were mamtamed to +1 S mm the
A longltudmal reinforcement was posmoned to a tolerance of +2 mm. With regard to the
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- crucial point of overall straightness, the centre line of the columns, as positioned into their
respective test rigs, did not deviate more than 3 mm from a line joining the two ends. The

L ‘_ - initial imperfection, as measured for all test columns, could be expressed in terms of the
nt 3 19ngﬂ1 as: e0=5.68?<10'4L. This value was used in the analytical calculations.

| 4.3 Curing .

All columns were covered for seven days. After rernovmg the covers, columns

: Clewo C4 were transferred to the curing room in Wthh the temperature and relatxve
Gt humldlty were mamtamed at 20°C.t1°C and 95_.5% resuecuvely The colurnns were kept
i 8 there unul required for testmg Columns CS o C20 were aJr-cured 1ns1de the laboratory |

A seven day chart-recorder supphed by Foster Cambndge Llrmted, was used to

L record the temperatlll’e and relative hum1d1ty in the laboratory, ‘which were found to range

‘between 12-29°C and 30-75% respectively, over a period of 15 months commencmg in

S | ‘f’ “May 1989. Fig. 4. 8 shows typical variation curves.

In both cases, the correspondmg control spec1mens were treated exactly in the

M same manner as the test columns o

i i

4.4 . Lifting procedure

‘ : Handhng very slender columns at the storage posmon brmgmg them to the test

. frames and mounnng them ready for tesung, reqmred con51derable care and orgamsauon.
The mould was espec1ally desxgned for th1s purpose Fxgs 4 ll 4. 12 and 4 13 show the ,
sequence of the operanons carned out. o : = S

, The column was ﬁrst 11fted on 1ts bed usmg the crane, then it was s laid on wooden
' blocks (F1g 4 11) Two steel boxes were fixed along the s1des of the column by means of
rack clamps (Fi g. 4. 12(a)), after that 1t was turned over bncks to remove the bed
- (Fig4. 12(b)) Purpose—rnade clamps were then used to replace the clumsy rack clamps
- This arrangement ensured that the column would not be damaged in any way durmg‘
handhng Usmg the crane the column was transferrcd and posmoned near the Tig unul the
t1me of testing (Frg 4 12(c)) To ard llftmg, a frame was de51gned and constructed at the
top of the ng to allow the use of a block and tackle in mountmg the column into the ng

(F1g4 13) L

o Pancholz [29] had srmrlar drfﬁculues in handlmg columns He developed "spec1al
top and bottom clamps together with a spec:lal lifting an gle mserted under the column.

t Lifting attachments were used as well. Column lifted clear and the an gle removed ready

for 11ft1ng into test ng" Columns tested by Cranston and Sturrock [36] were externally
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prestressed to prevent cracking 1n transrt. Thts prestress was mamtamed unt11 the

. specxmen was ltfted into the ng

45 y Rig ‘d‘esign
4.5.1 Short-term loading rig

" The standard rigs available in the structural laboratory, were capable of
developing a 1000 kN compressive force, but i it was not possible to test reinforced
concrete columns of lengths greater than 3.6 m. In addition the equxrements of test
programme meant that they could not be used for the long—term tests. Columns Clto C5
were therefore tested until failure under short-term loading conditions using the rigs

- available, Fig.4.15 shows a typical tesung frame. For the longer columns, it was

necessary to des1gn a special rig.

‘ The arrangement and posmon of various items of testmg equtpment m the
laboratory, placed restrictions on the d1mens1ons of the reqmred ng The hetght of the ng

| was limited by the helght of the cethng 6.5 m) and its position was restricted by the
need for access by the crane. Taking account of all these considerations the total hetght of
the rig was set to be 6.3 m. Two rigs were desrgned, F1gs 4.4 and 4.14 show typ1ca1 rig

L anangcment, ﬂ"‘w’ o R e B ey

Fully threaded prestnessed Macalloy bars of 25 mm dtameter formed the verucal
members of the rig. The characteristic failing load for each bar is 505 kN. Three bars
, requlred for each rig, giving total capacity to the rig of 1500 kN. Such capac1ty was in

fact not requlred for the designed columns, however, 25 mm was the minimum diameter
the manufacturers produce. Cranston and Sturrock [36] used 28 mm diameter
Lee-McCall" stnessmg rods and the required capacity of their testing rig was 1700 kN.

Grade 50 steel to BSS950 was used for the plates For each ng, two bottom
cncular plates 45 mm thick and 685 mm diameter were used plus a top circular plate of 40
mm th1ck and 850 mm dJameter, as well as three c1rcu1ar end plates of 40 mm thick and

310 mm dlameter as can be seen 1n Fig. 4 4

Because the columns were o have freedom of rotation at the ends, it was
necessary to use ball seatings at each end of the column in the test frame. The centre line
of the ball seatmgs was offset from the column centre line to produce eccentnc loadin g
Loadmg of the columns was camed out usmg a 500 kN hydrauhc Jack reactmg against
the lower plate and operated manually

A

fo
i1 L
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" In v1ew of the dxmensmns of the test set up, a stable system was des1rable from
the pomt of view of stablhty A three bar system rather than two was therefore chosen.
Careful attention was given to the provision of fixed and removable guards for safety
reasons. The test rig was designed to make it capable of height alteration, to enable

columns of different slenderness ratios to be tested.

4.5.2 - Long-term loading rig

The short-term testing rigs were easily modified for the long-term tests by adding
" three springs to each rig as shown in Figs.4.4 and 4.14. These springs were designed to
BS1726 part 1: 1987 [92] and were made to order by West Bromw1ch Spﬁngs L1m1ted y

: " The springs were tested in an Instron servo-hydraulic testing machine; a typical
 load-deflection diagram is shown in Fig.4.5. Unfortunately, during the initial loading for
the first long-term test, one of the springs failed in compression due to a fault in
manufacture. A replacement spring was ordered which also failed during proof testing in
- the Instron machine. A second replacement was ordered and this performed satisfactorily.

Consxderable tlme was spent waiting for the delivery of these sprmgs and manufacture of
. the1r replacements causmg delay in the expenmental schedule | - ’

‘ Each sprmg was contamed between the hlgher plate and the top end plate with the

prestressmg bar passmg through both plates and sprmg The workmg load for each
spring was 150 kN with the capablhty of maintaining the relanvely low levels of the axial
load. Goyal [33] adopted a similar arrangement in his experimental work, but used only
two rods.

R T S S ;

4.5.3 Creep loading frame

Details of the s1mphﬁed creep frame used in the creep 1nvest1gat10n are shown in
“Flgs47 and4l6 | | |

" This frame was designed to hold two 76x267 mm cylindrical plain concrete
specimens and 76x296 mm steel-tube load dynamometer by four tie rods, the load being
applied manually by tightening the four nuts which stresses the specimens between two
end plates. To enable the accurate application of axial load to the concrete specimens,
plates 89 mm in diameter and 30 mm thick with 25 mm ball bearings were inserted
between the load dynamometer and the concrete specimen. A similar plate was added
between the two concrete specimens. The dynamometer was used to check the load and
prior to loading, it was calibrated in a Denison testing machine up to 100 kN, which
corresponded to 0.54 of the cylinder compressive strength. The loss of load due to creep
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of concrete, was compensated for by adjusting the four nuts until the required reading on
the dynamometer was within 4 divisions of the Demec gauge (see 4.6.1 below) This
represented a sens1uv1ty of about +5% of the apphed load.

. The loading frame was held horizontally in a wooden frame and rotated when
readjusting the load and taking reading. . - . : N

4.6 Instrumentation

L 4.6.1'51Concrete strain measurements '

o Concrete strains were measured usmg a demountable mechamcal strain gauge
(Demec Gauge), which had a 200 mm (8 in.) gauge length and each division
corresponded to a strain of 8x10-6. The gauge length is formed by pairs of punched and
drilled mild steel discs (Demec pomts) glued to the concrete surface, using a rapidly
setting glue prepared from F88 powder and F88 solution. . ... .

" Concrete stratns in the column were measured on both compression and tension
| faces at three secuons, one at the mid-height and the other two located symmetrically
above and below the centre line of the column. Fig.4.6 illustrates these positions.

‘ Strams in the creep frame spec1mens and dynamometer, and in the shnnkage
cylmder were measured usmg the same Demec Gauge Four sets of Demec pomts were

equally spaced on thetr cucumferences

4.6.2 = Steel strain measurements

Strains in the reinforcement were measured using PL-5 electrical strain gauges
fixed to the steel. The installation of these electrical gauges involved several stages,
stamng with smoothing the surface of the bar over a length of 40 mm by filing and
‘ sandmg, then cleamng it with acetone which was followed by apphcauon of acidic
condmoner then alkali solution (neutrahser) ‘The surface was treated with evaporable
liquid (200 catalyst) before f'1x1ng the gauges with ultra super glue. The gauges and all
exposed electrical connecuons were covered with a layer of M-coat D which prov1ded
1nsulat10n against poss1ble electrical leakage caused by hlgh hutmd1ty or damp. The
M-coat D was in turn covered with Evo-stik flashband wh1ch sealed the gauge from the
ingress of m01sture and contarmnants The treated area was ﬁnally enclosed with a heat
shrinkable tube to ensure that the coatmg was well protected from physical damage. This
coating absorbs mechanical shocks during both fixing and concreting and it can be seen in
F1g 4. 9(c) ‘ R
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M

. These electrical gauges had a nommal resistance of 120 ohms and were conncctcd
to a Pcekcl stram indicator, which had five independent input circuits. The input capacity
of the Peekel was extended using an extension box which had a maximum input
connection of 48 strain channels. A dummy gauge, comprised a PL-5 gauge fixed on a
piece of steel identical to the column reinforcement, cast inside a 100 mm concrete cube,

was also connected to the extension box.

Tv('d scct‘ions"we:re chosen to measure the steel strains; each had four electrical
strain gauges mountcd on the four reinforcing bars. Due to the labour involved in the
mstallatlon of these gauges and the fact that no extra information was gained from the
\ second scctlon in the later experiments, only one section was rctamed at the centroid of

 the column as shown in Fig.4.2.

4.6.3 Deflection measurements
- Dial gauges,with a travel of 50 mm and an accuracy of 0.01 mm per dial division,
were used to measure the lateral displacements, at three positions as shown in Fig.4.6.

These dial gauges were mounted on the compression face to avoid any damage in the

event of column failure.

To measure mid-height deflections for tests to failure, the central 50 mm travel
. dial gauge was replaced by a bigger dial gauge, with a travel of 10 in. (250 mm) and an
‘accuracy of 0.01 in. (0.25 mm) per dial division. This was used in all short-term tests

- and in the short-term tests following a period of sustained loading.

These dial gauges have two drawbacks:

1- They only recorded movement in one direction, while deflections might

“develop about both axes.

2- Due to the shortening of the column under load, these gauges did not
necessarily bear on a constant reference point. -

v For these reasons, non-contact measurement techmqucs based on the use of

electronic theodolites, in particular the Wild Heerbrugg Remote Measuring System
(RMS), was uscd in addition to the dial gauges. The Wild RMS is a three dimensional
measuring system that computes the co—ordlnates of any point in space with reference to

the two measuring theodohtes

- A series of targcts (22 targets) were placed at regular intervals down both edges of
the column as illustrated in Flg 4.6. These targets took the form of mverted Demec
pq_mts. The two theodolites were placed in such positions as to form a well-defined
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triangle with the column. The feet of the tripods were located in specially drilled holes in

the floor to prevent any inadvertent movement. The technique is accurate to within 0.1
mm in the X, Y and Z directions which was perfectly acceptable for this project.

The arrangements and positions of the dial gauges and one of the theodolites, are
all shown in Fig.4.14.

- 4.6.4 Load monitoring

| A 500 kN capacuy, Deﬁant Stram Gauge Load Cell type C was used in each rig
to record the load This load cell was calibrated in a Tonipact testing machine on several
occasmns, usmg a Sangamo Amphﬁer umt type C56 to give readings to an accuracy of
+0.5 kN. ‘

| PL-lO full bndge elecmcal strain gauges were mounted on steel and alumuuum
collars to serve as load cells for the individual Macalloy bars. Two of these load cells
" were used in each rig as back-up ‘They were calibrated in the Avcry-Demson testmg

machme for each test and connected d1rect1y to the Peekel.
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Table 4.1 : Steel properties.

Cross-sectional area

()

Yield stress |

(N/mm?)

Modulus of elasticity

(KNmm?)

Yield strain

SR

12

113 7

0

78

 range

1510 - 550

average

530

range

180 - 209

" average

200

average

2.65%x103
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Fig.4.1 Typical stress-strain diagrams for high-yield steel.
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cover to link = bar diameter

< links at spacing c/c=h_
dia. = 4i longitudinal bar diameter

)

§ . Electrical strain gauges

ey

Ny
7thOmm

L

A

B Fig. 4.2 : Typical reinforcement details.
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Fig.4.5 Typical load—deflection diagram for springs.
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(b) Typical spacer

(@) Typical cage assembly (c) Position of electrical strain gauges

Fig.4.9 Reinforcement details.



Fig.4.10 Mould used for columns C5 to C20



Fig.4.11 Initial handling of column and mould base



Fijf4.12 Order of handling operations.
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Fig.4.14 Second rig set-up.
Left: Short-Term test without springs (C7).

Right: Long-Term test in progress (C6).



Fig.4.15 First testing rig (C5 during test).
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Fig.4.16 Simplified creep frames and shrinkage specimens.
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CHAPTER FIVE

SHORT-TERM EXPERIMENTAL INVESTIGATION

51 t h introduction ,

i

A total of twcnty full-scale columns were des1gncd although only mneteen were
cast and tested (C16 was omitted, see 6.3.1). Eleven columns were loaded to destruction
- under short-term loading conditions to determine theu‘ ultimate capac1ty The eight
rcmmmng columns were tested under a long-tcrm loadmg condition to establish the

. ‘reductmn in thc column capacity due to sustained load.

o The main variable was the slenderness ratio; other parameters were kept relatively
constant; these were: . .

' - percentage of reinforcement

"= concrete strength

- d/hratio

""" eccentricity = 10 mm for all columns.
This Chapter describes the short-term experimental programme undertaken to |
1nvcst1gatc the behaviour of hmgcd eccentncally loaded slender reinforced concrete
columns. The expcnmcntal results are compared with the corresponding analytical values
predlctcd by the proposed theory. The concrete properties are determined from a range of

control specimen tests carned outin accordance w1th the recommendatmns of the relcvant
‘ BntlshStandards T ‘

5.2 | Description of test columns and concrete properties

5.2.1 : Test columns .. ./

Tests on columns C1 to C4 were considered as pilot tests performed to establish
the adequacy of the loading technique, method of erection and instrumentation. These
tests helped in obtaining the experience rcquired in testing slender reinforced concrete
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columns and a clear picture was built up regarding the behaviour of such columns under
short-term loading conditions. This also resulted in improvements in the instrumentation

and test procedure.

" The dimensions of the column cross-sections were chosen as large as possible to
minimise initial tmperfecnons and the section was made deeper in one direction to ensure
uniaxial bending about the minor axis. Details of the column cross-sections are given in
Fig.5.1. Table 5.1 gives a full description of the columns. To obtain the slenderness
ratios, the effective length of the columns has simply been taken equal to the actual
column length; theoretically for pinned columns it should be as the centre—tofcentfe
distance betvbeen the end beanngs As can be seen from the table, columns C1 to C4 were
desibgned‘s‘o as to provide two pairs of identical columns; this was to lead to verification

of individual behaviour.

Columns CS to C20 were also designed in pairs, so that each column for
short-term test is accompamed by an identical one for long-term test. These columns had
a constant w1dth of 152 mm and the slendemess ratio was varied from 28.8 to 62 5, by
varymg the length of the column and the depth of its cross-section.

The column end conditions were such as to allow rotational freedom in any '
direction. Load was apphed at an eccentnmty of 10 mm. A hydraulic jack activated by an
electncally powered pump was used to apply the load in the pilot tests; this did not allow
rccordmg the deflections and strains beyond the peak load, because the load had to be
released immediately when the deflection increased rapidly and the load decreased.
Allowing further deflection, or spalling of the concrete, might damage the testing rig or
injure the people engaged in the test. In later expenments a hand-operated hydrauhc Jack

was used and the situation fully controlled. o

5.2.2" “Concret‘e‘mptjopehties o | |
(a) Compressz’ve strength

N ine 100 mm cubes were cast w1th each column for the determination of
, compresswe strength Six cubes were cured in exactly the same environmental conditions
as the correspondmg column and were tested in a Tonipact testing machine, three cubes at
the time of testing the column and another three at the age of 28 days. The remaining three
cubes were cured in the humldxty room and tested at the age of 28 days All tests were
carried out 1n accordance w1th B81881 part 116: 1983 |
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(b) Density -

' The densities of the cubes, which were cured as the column and tested atan age of
28 days were deterrmned as spec1ﬁed in BS1881: part 114: 1983. ‘

el

... The results of (a) and (b) tests are given in Table 5.2, each value is the average of
three tests.
o :(é)*'SIum‘p";‘ |
A slump test was carried oui for each column mix as specified in BS1881: part
102:1983. .

. ( d) Static modulus of elasticity

Th1s test was performed using a 100x100>600 mm pnsm, cast with each column.

, Thls pnsm was tested in the Avery-Demson testmg machme in accordance with BS1881:

part 121: 1983 to mcasure the mmal modulus of elasncuy at the age of 28 days and at the
time of tesung the column.

Table 5.2 shows the results of () and (d) tests.
5§53 ‘Test‘ procedui'e |

5.3.1 Preparation and checks
o con Lo . o ’
- After moving the column near to the testing rig, careful inspection was carried out
for possible cracks due to shrinkage or mis-handling during transportation.
- 'Measurements for accuracy of construction and out-of-straightness at mid-height were

taken and the latter was always added to the applied eccentnc1ty

g Positions of the dial gaugeé were marked and targets were fixed in place (see
Fig. 4. 6). The column was then mounted in the rig and the test set up completed by
- connectmg the electrical strain gauges and load cells to the Peekel. Demec points were
' glued to the surface, loadmg frame plates were levelled and the column was ready for
testing, ‘

A nom1na1 load was applied to hold the column in position. Accurate centring of
the test frame was ensured by the initial design of the test frame, this was also checked by
a plumb line.

I
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532 Loading and ‘test duration

" ''The test started with the application of two cycles of loading, from zero up to
about 10% of the expected failure load; this was necessary to establish reliable zero
readings. Load increments were larger at the beginning and reduced later as failure
- approached. Each increment required about 10-15 minutes to make the necessary -

~ observations. ‘An average number of 10 increments of load per test was usual. Each
short—term test requrred over two hours, excludmg the time taken to test the concrete
control specrmens At the end of each test cracks were mspected and marlced.

5.4 Test results . .. ... .

Curves of mrd-helght stralns in concrete agamst load are shown in Frgures 5. 2(a)
to 5 2(c) In addruon to mrd-helght concrete strams, results of the behavrour of the two
symmetncal sections about the mid- helght pomt are illustrated for columns C9 and C19 in

Frg.5.3 as typical examples. In Fig.5.4 typical strain variations across the section of the
- column, at different load stages, are shown for columns C9 and C19.

| Load-deflecuon curves are glven in Frgures 5 5(a) t0 5. 5(d), the deﬂecnon has
‘ been taken at the m1d—he1ght of the column usrng dial gauge readmgs Deflectlon as
measured by the theodohtes was also plotted agamst the herght of the column Typical
results for columns C9 and C19 are grven in Fxg 5. 6 as representatrve of the general
| behavrour o '

1 The theoretical and experimental buckling loads obtained for each column are
compared in Table 5.3. The table also gives a comparison between the experimental and
theoretical eccentricities at the mrd-herght of the column at the pomt of 1nstabﬂ1ty
Stausueal values are provrded in Table 5 4 ‘

5.5 Observations and discussion'

. All columns were loaded so as to cause smgle curvature bendmg This is the
pnncrpal fallure mode causrng the lowest cnt1ca1 bucklrng load [93] A nominal
eccentricity of load (lO mm) was mcluded to ensure bending about the minor axrs This
‘value of eccentr1c1ty also satisfies BS8110 requlrements regarding the minimum
eccentncrty to be considered.

T Al columns farled by reachrng a critical buckling load, at which the column
became unstable This was followed by considerable bending,‘ until material failure
occurred, or in most cases, the column touched the rig without crushmg but with cracks
dlstnbuted over the tension face The increase of deﬂecuon was associated with drop in
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load for stable equilibrium. Attempts were then made to put more load on the column by
jacking; these resulted in further increase in deflection with continuous drop in the load.
For columns C1 and CS, crushing occurred suddenly almost as soon as the maximum
load had been reached; a warning of instability was observed immediately before failure
by a drop in the load. For all other columns, crushing did not occur because the test was
stopped as soon as the column approached the rig supports. Further loading might have
damaged the testmg r1g or affected the ne1ghbounng long-term test in progress

, The short-term buckhng loads Piegt of the slender columns tested, are given in
: Table 5.3 as the maximum recorded values of experimental load. However, because of
the rapid development of microcracks and creep at higher loading levels (i.e near failure),
these values are dependent on the rate of loading; any delay in loading could significantly
decrease the column capacity. It was attempted in the tests to repeat the same load
increments and time rate as closely as possible, but inevitably there were differences
between tests. This explams vanatxons in load-deflecuon behav10ur close to the maximum
load ' ‘

e Results obtained from the pilot tests (columns C1 to C4), were generally
satisfactory. However, the use of the electrically operated hydraulic jack did not allow
precise determination of the failure loads of these columns, nor the recording of their
behaviour beyond the instability point, as mentioned earlier. Failure of column C1 was
sudden and explosive with the concrete flying in all directions, fortunately without
causing any injury and the load was released immediately. Figs.5.7 and 5.8 show this
failure. Better estimation of the failure load was achieved in the later experiments; as a
result columns C2, C3 and C4 were not allowed to crush in their testing rigs. Material
failure was also seen for column CS5 but was more controlled. - no

Columns of slendemess ratlo 33 6 and above (C7 to C19) showed gradual ‘
progressmn towards matenal faﬂure, considerable curvature was requ1red to attain such‘
failure which was nonnally not reached. Flgure 5.9 shows typxcal bending profiles for
“columns C9, C11, C14, C17 and C19. It can be clearly seen in Fig.5.9 that columns C9
and C11 had touched the horizontal lateral struts at a lateral deflection of about 120 mm;
these struts were later made square in plan to allow for greater deflection (by doing this
the lateral deﬂection at the end of the test could reach a value of about 180 mm).

For all columns the fa11ure sectlon was at mld-helght or w1th1n 100 200 mm
above or below 1t dependmg on the location of the weakest secuon which was
someumes assoc1ated w1th the posmon of the electncal strain gauges on the steel bars.

The onset of 1nstab1hty was mdlcated, as descnbed above, bya drop of load and
by the amount of lateral deformauon present, but not by the crack pattern. No visible k
cracks appeared for loads prxor to 1nstab111ty, this phenomenon was also observed by
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Pancholi [29] who tested thirty three concentrically loaded reinforced concrete columns
having slenderness ratios between 30 and 80. It was also observed by Dracos [5], who
tested thirty six eccentrically loaded slender columns with slenderness ratios between 29
and 58. ¢

, A typlcal crack pattem is shown in Fig. 5.10 for column C7 Generally, these
cracks were initiated at the corners then extended over the full width of the column as the
deflection increased and they were symmetrically distributed about the mid-height. Cracks
also appeared on the compression face upon load removal. Once the load is removed,
there is an immediate creep strain recovery in concrete, while the column tends to return
to its original unloaded shape. The net residual deformation produces compressive stress
in steel and tensile stress in concrete and the latter can sometimes be high enough to cause
crackmg Kong and Evans [94] clearly explarned this phenomenon in terms of resrdual
stress ' : : , : : -

.+ Strains in concrete were recorded at three sections on both the compression and
the tension faces. The results obtained show that the columns behaved symmetrically
about the mid-height point. This is illustrated in the load-strain curves for columns C9
and C19 in Fig.5.3. Strains measured in the steel agree quite closely with those obtained
for the concrete as shown in Fig.5.4; this validates the assumption that plane sections
remain plane after bending. The variations which exist could be attributed to the
, d1fference in the location and gauge length of the Demec points and electrical strain
gauges In one case, for column C5, concrete strain measurements were rejected because
| they were not logrcal and did not follow any pattern 1nd1cat1ng serious errors in the

readings. This was probably due to the restncted access to the column, which was tested
~in the first loading frame. Other measurements (strains i in steel and deﬂecnon) were
acceptable With 1mproved access and new loading arrangements the test was repeated on
column CS5 after a few days using a hand-operated hydraulic Jack. The strains in concrete
recorded during this second run were acceptable and are shown in Fig.5.2(b).

A typlcal maximum value for the compressive strain in concrete at the point of
1nstab1hty was found to be approxrmately 0.002 for slenderness ratios 18 and 26.4. For
columns C5 to C19 with slenderness ratios 28.8 until 62.5, the value was typrcally
0.001, thus confirming that instability occurs well before the ult1mate strain capac1ty

(0. 0035 in BS81 10) of the section is reached. Sxmrlar results were found by Schof eld
[30] and others. Schof eld tested 50 columns under short—terrn loads with slenderness
ratios between 29 and 59. He found that the observed compresswe straln at farlure for
these columns was typlcally 0. 001 ' ‘ ‘ ’

The use of theodohtes enabled the determmatron of the deflected shape of the
column in the X and Y directions. Their readings were taken at alternate load stages

CHAPTER §



96
during the experiment. When failure approached, time spent in taking readings became
crucial; only three targets were then monitored, one at mid-height and the other two at the
ends of the column. The use of theodolites, however did not eliminate the need for dial
gauges, whlch have their own merits of g1v1ng 1nformatlon about the deflection directly
durmg the test and indication about the stability of the column. Data from the theodolites
had to be processed in the computer to obtain it in its final form as X, Y and Z

coordinates.

‘ For columns of 5 m length the loadmg rig was somewhat flexible at the top due
to lack of restraint from the tubular sections around the Macalloy bars. Horizontal
movements at the ends of the column were monrtored by the theodolites, reachrng a
typrcal value of 5 mm measured at the end of the test (after instability failure).

Some lateral defonnauon,perpendlcular to the direction of bending, occurred in all
tests, usually neghgrble up to the point of mstablhty, but apprecrable in a few expertments
when approaclnng material failure at deflections cons1derably beyond the buckling failure
load. This could be due to errors in placmg the steel cage, or possibly the load was not
perfectly axlal wrth respect to the Y drrectlon The effect of the d1rect10n of castmg was
examrned and found not to affect bendmg in the Y direction. Schof eld [30] stated a
srmrlar observauon in h1s work and attnbuted that to loadmg or castmg errors ' |

O

‘ ~In the case of column C2, the dial gauges indicated reverse movement (see
~ Fig.5.5(a)) until load stage 100 kN; afterwards the column deflected in the expected
direction. Because the load was applied at a small eccentricity of 10 mm, such reverse
movement is probably to be expected until the column settles in the correct direction.
However the max1mum value recorded for this movement in case of column C2 was
- high; no apparent reason was found to explarn it, partlcularly similar movement was also
‘ recorded by the theodolrtes A reverse movement was also notlced for column Cll at the
ﬁrst stage of loadmg, but it was of very small magmtude (Flg 5. 5(c))

/ The experimental results of buckhng load and mid-height eccentricity at the point
of instability are compared with the theoretical values in Table 5.3. To obtain the values
of e, the initial imperfection and initial eccentricity were added to the theodolite and dial
gauge readings. Values of means, standard deviations and coefficients of variation for the
ratios Presy/Ptheory and €eesy/€theory are given in Table 5.4. For calculating the theoretical
results, Figs.3.5 to 3.13, which give the load eccentricity-curvature relationship in terms
of the capacity ratio P/Pg, have been used. As discussed in Chapter 3, these graphs are
based on the stress-strain dragrams for concrete and steel given in BS8110: part 1: 1985
(Figs. 3 1 and 3. 2) The part1a1 safety factor for strength of materials Ym Was taken as
unity, consequently the maxrrnum concrete stress equal to 0. 67fcu and Ec equal to
5 S\Ifa; kN/mm2 The values of fcu were chosen to cover the range of test values Lrnear
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interpolation between the graphs was then used for each column cube stnength relevant to
the time of testing. . | ‘

‘ In producmg buckhng deﬂectton-curvature graph in terms of l¢/h ratio (F1g 3. 24)
thc 1mual 1mperfecuons eg were taken as 5. 68x10'4L as measured in the laboratory (see
4 2. 5)

In general, there is very good correlation between the theoretical and experimental
results. The actual fatlure load of column C2 is likely to be greater than the recorded value
of 400 kN, as the column failed upon the application of the next increment and the load
| had o be released immediately, for the reasons explained earlier (see 5.2.1). Column C4
which was identical to column C3 failed at a lower load because it was tested at an earlier
age than C3 and has a lower value of concrete strength.

‘ Two values were used for the variable d/h in obtaining the theoretical results,
these were 0.75 for columns €3, C4 and C17, and 0.8 for the rest of the columns. This
restnctlon was necessary to keep the number of graphs requlred to a practical limit. To
mvesttgate the mﬂuence of d/h, the analysrs of columns C3, C4 and C17 was repeated
assummg d/h=0 8, the results obtained are shown in Table 5.5. Using a higher value than
the actual one will yleld a hlgher predlcted failure load and consequently a lower
Pies/Piheory; adopting a value for d/h lower than the real one will resultina higher value
Of Piegt/Piheory- A similar influence can be seen on the ratio €egy/etheory. Using the exact
value of d/h in the analysis would improve most of the results. Comparing the actual
values of d/h glven in Table 5.1 wnh those assumed in the analysrs, would explain some |
of the dtscrepanaes between the theoreucal and expenmental results seen in Table 5.3.

Another factor affecting thetheoretical results is the value of E¢, As will be shown
in Chapter 7, the values of the initial modulus of elasticity calculated by the BS8110
expression are ‘hi‘gher than those measured in the laboratory using 100x100x500 prisms.
To examine the influence of E,, the analysis of column C7 was repeated assuming three
values for Ec, 30, 35 and 40 kN/mm2. The results are given in Table 5.6. Adopting a’
higher value for E. increases the apparent carrying capacity of the column and hence the -
ratio of Piest/Ptheory Will decrease, while the ratio eest/Ctheory increases. It is to be noted -
that the experimental value of E is measured after carrying out two cycles of loading on -
the prism (from zero up to fcy/3 according to BS1881: part 121), while BS8110
expression gtves the mmal tangent modulus of elast1c1ty, wh1ch for column C7 equal to
40 kN/mm2 : | | '

In general deflecttons have been shghtly underestlmated due mainly to the fact
that, the theory does not account for the rate of loadmg or the overall testmg time. Each
applied load was kept on a column for about 10 minutes (or 15 minutes if a full set of
reading by the theodolites was taken) to allow a complete set of measurements to be
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recorded. Readings takcn at high load levels, particularly for loads close to failure, would
have bcen affected by creep. ’I‘lus also could explain the differences in some cases
betwcen thcodollte and dial gauge readings which can be seen in Table 5.3. This is
mamly due to the differences in time at which each reading was ‘taken and the consequent
variation 1n load Wthh could not be kept constant as it started to drop during the taking of
readings. ‘ ‘

‘ A back-up readlng for the deﬂecnon values was taken by a plumb line at the end
of cach test before mlcasmg the 10acL This was helpful in the case of column C14, where
the battcry for the theodo‘xtcs ran out of charge at the end of the test.

To cxamme the mﬂuence of initial imperfections eg, the analysis was repeated for
all the columns takmg co=0 (1 e usmg F1g 3.23 instead of F1g 3.24), the results are to be
found in Table 5.7. It can be seen from the table, that i ignoring the presence of initial -
imperfections could cause a discrepancy up to 10%, when comparing the mean values of
Ptest/Ptheory obtained i in both cases; whﬂe for the ewsdemeory ratio, the dlscrcpancy reaches
15%. These results suggest the i 1mportance of making allowance for eg, however small its
‘value, in the theoretical approach. The effect of the initial imperfections on the theoretical
results decreases for columns with small le/h ratio and/or high end eccentricities.

5.6  Conclusions

1 All columns showed mstablhty as the mode of collapse bcfore rcachmg the
ulumate capac1ty of the secnon This was followed by matenal faxlure, whxch for
| slendemess ratlos of 33 6 and above rcqulred considerable bending tooccur. :

- 2- Instability failure was indicated by a drop in load and by the amount of lateral
deformation present, not by the crack pattern. No visible cracks appeared before reaching

the maximum load.

‘ 3- Instability occurred at low compressive strains of the order of 0.001-0.002
(Figs.5.2 and 5.3), which is considerably below the ultimate strain value which in codes
~ of practice lies in the range 0.003-0.0035. Thus it is appropriate to relate slender column
design cntena to instability conditions and not to thc ult1mate strength of the column

SCCthIl

4- Obkserved deflections and strains for equidistant sections above and below the
mid-height point were in close agreement, thus indicating a symmetrical deflected shape.

5- In a few tests, specifically columns C17 and C19, at deflections considerably
beyond the buckling failure load, bending about the Y axis was appreciable.
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6- In spite of the many precautions taken, the relatively small size of the columns
makes the test sensitive to the location of applied loading and steel placement; this could
explain the small reverse lateral movements in the X direction which occurred during
testing column C11. It also explains the lateral deflection in the Y direction which took

“place in all tests (normally negligible up to the point of instability).

7- The analytical procé,durc based on Beal's method, enables the actual behaviour
' of the eccentrically loaded reinforced concrete columns to be closely estlmatcd The
accuracy of predicting the fallurc load and m1d height eccentricity at the point of instability |
is w1thm acoeptable hmlts ‘ "

8- ’I‘he analysm assumes a linear strain dlstnbuuon across the sectlon and the

results obtamcd substanuate the vahdxty of this assumption (Fig.5.4).
o

: " 9- The assumpuoxi "the curvatum of pm-endcd column follows a sine curve as it ‘_
,‘ buckles , 1s venfied by the results (Fig 5. 6) ‘ ' :

10- The analytlcal mcthod is especmlly sensitive to the values of the variables: d/h
and Ec (Tables 55 and 5.6). The values chosen for these variables and the fact that the -
theory takes no account of the rate of loadmg, could cxplam d1scrcpanc1es between the ,f
' theoretlcal and cxpenmental rcsults ' : . ‘l

. 11 The comparatlvc study madc, 1nvest1gat1ng the mﬂuence of 1n1t1a1
1mperfect10ns (Table 5. 7), cmpha51ses the 1mportancc of mcludmg 1t in the analysxs It
also illustrates the limited stability of slender columns and their sensitivity to the presence -

of 1mperfect10ns and mmal bow : _; ;
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Table 5.1 ;: Column details.

1. %As

ej/n |

(m)

c1..

c2

0.83 .

2.90

0.080

225

18

c3

c4

125

85’

- 0.77

296

0.118

2.25

.26.47

é .C5

.CT

Cc9.

152

125

. 0.78 -

423 .

+0.080

©3.60

28.80

4.20

133.60

4.80

38.40

‘e

Cc14.

152

100

079

297

- 0.100

450

4500

5.00

50.00 -

e |

152 -

90

1 0.76

330

“0.111

5.00

5556

o9

152 |

0.78

258

0.125

“5.00

162.50

S
B

‘o=
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‘. .- Table 5.2 : Concrgte properties.

‘Cuybc compressive strength. . |Static modulus of elasticity*
- (N/mm2) R . (kN/mm?2)

| o : f Cube ‘

Cubes cured with | Standard density | ‘.

’ curing 28 days testing

- [Col. Slump

Time of -

column
28 days | Time of testing | 28 days | (kg/m3)

c1| 520 | fazm=522| - | 2396 | 310 | 306 65

c2| 528 | tepi=532| - |2406| - | 353 | -

3l - | fam=573 - |25 - | 328 | 0

cal - | fus=487 | - |23 < | - ]

[ —— — ———

cs5| 590 | fops=564 | - | 2414 | 360 | 344 55

c7| 480 | fasz=518 | 479 {2300 | - | 300 40

col| 506 | tuzp=520| 489 | 2362 | - | 325 50

c11| 43.8 | foo=474 | 456 | 2382 | - | 207 | 45

C14| 527 | foups=528 | 532 | 2395 | 346 | 308 | 50

C 17| 56.5 fcm; 548 | 530 | 24200 358 | 359 50

c19| 492 fups=501"] 480" 2394 | ' 35.3 Tl 346 15

* measured on prisms ' '
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| Tablé 53 3 Cdmpai‘isdn bé“twéénj keiperlg'imeliltai:aindiEeo_ifé{icai sihorti-”t:erm freshlts. |

Col. | fy
o |(N/mm2)

e
(N/mm?)

Prest -

(kN)

, Ptheofy |
1 (N)

oo om

' Th§0c191ites : Dial =

galfges

efheory
(mm)

Ctest/ €theory

Theodolites IDial gauges

TEEE

C2
C3
C4

C7
- C9
C11
C 14
C17
C19

522

450

439

'1.03

, 263-=:-1-263-.-1.

-22.5 -

1.17

1.17

532

- 400

445

090

22.3 23.8

225

0.99

1.06

573

210

172

122 -

0283 | 243

21.8

1.30

1.11

487

180

154

—1.17

283 | 273

21.8

1.30 -

1.25

Cs 530 |-

- 56.4

360

386

0.93

350 | 320

31.5

1.11

1.01

518

250

291

0.86

294 | 373

. 318

0.92

1.17

- 520

205

237

0.87 -

S -397- | 401

-33.5

1.19

1.20

474

- 102

111

0.92

353 | 357

:129.6

1.19

1.21

52.8

85

97

- 0.87 .

378 | 317

1294

1.29

1.28

54.8

65

62

1.05

298 | 303

215

1.08

1.10

- 50.1

45

41

110

378 .| 378

1273

1.38

1.38

e= mid-heighf éécéntﬁcity at the point of instability.

P = buckling load.
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5.4 : Statistical values for short-term tests.

Statistical param'cter;

R

etfcst/etheory

P[heory:

.- Theodolites

Dial gauges

Minimum ratio .

086

0.92 .

1.01 -

Maximum ratio

1.22 -

138

- 1.38

Mean -

099

1.17 .

L17

Standard deviation

013

0.14

1 0.10

Coefficient of
variation

12.8%

- 12.0%

. 8.55%

Numberoftests /| + " '

11

4
i
v
i
i
i
¥ ' t
-
1 t i
: .
|
i
i
i
|
y oo [
i
: ki
o |
i 1




Col.

: Actual

etest
(mm)

Prest

“ - mey
(kN -

- d/h=0.75.

080

(kN) " Theodolites

gauges

|
Dial |l 075

dh=0.80 || d/=0.75

d/h=0.80 “ dm=0.75

d/h=0.80

meodoﬁws

Dial
ganges

Theodolites

C3

0.77

210 283

243 || 172

186 21.8°

23.0 1.22

1.13

1.30

1.11

- 1.23

106

C4

180 || - 28.3 -

27.3 §1- 154

170 21.8-

-233-1 117

1.06

1.30

1.25

1.21

C17

68

~1.08

0.76

65 || 298

- Table 5.6 : Effect of static modulus

30.3 || - 62 27.4- |-

275 || 1.05

0.96 | -

1.09 -

1.10

of ela_sticity; of concrete.- - - -

gauges “

1.17 ||“
Jawo]

“Col.

Prest

D eest

()

(kN) Il Theodolites

Dial gauges

Eéexp )

(N/om?)

EctheoryA

(kN/mmz)

7 P theokryr

. f(kN)

Cmm

 Prest
Pihcory -

| etest/etheory :

Theodohtes

Dial gauges

250 | 204

s

30.0

- .260 ¢

344

- 0.96 ¢

- 0.85
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Table 5.7 : Effect of Jin’i'tial \i'mperfections.

et et
Col.| Prest p_i,ff; p—l;tfjr; Ctheory Ciheory
] e0=5.68x10L ¢0=0.0
(kN) [leg=5.68x104L] €0=0.0 | Theodolites | Dial gauges I'Iheodolites Dial gauges
c1 | 450 1.03 0.99 " 117 | 117 " 1.23 1.23
c2 | 400 0.90 087 | 099 | 1.06 1.04 1.11
c3 | 210 1.22 1.12 ll 130 | 111 " 141 | 121
c4 | 180 117 | 107 " 130 | 125 " 1.39 1.34
csf 360 [ 093 | 087 " 111 | 101 " 125 | 114
C7] 250 §' 086 1077 || 092 117 ) 103 1.31
o205 | o087 0.77 “ 119 | 120 “ 1.32 1.33
cii| 102 0.92 0.79 “ 119 | 121 | 142 1.44
ci4| 8s 0.87 0.75 " 129 | 128 I’ 143 | 142
ci7| 6 [ 105 084 | 108 | 110 130 | 132
cof 4 110 | 0.0 " 1.38 1.38ﬁl| 1.65 1.65
Min. ratio 086 | 075 " 092 | 101 " 103 | L1
Max. ratio 122 1.12 |I 1.38 138 1.65 | 1.65
Mean 0.99 0.89 u 117 | 117 " 1.32 1.32
Sandard 013 | 0.3 " 014 | 010 " 018 | o015
Coefficient 13 19 14.6%" 120% | 855% | 13.6% | 11.4%
Number of

tests

11
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Fig.5.2(a) Curves of mid-height strains in concrete
vs. Load.
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Fig.5.2(b) Curves of mid—height strains in concrete
vs. Load.
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Fig.5.2(c) Curves of mid-height strains in concrete
vs. Load.
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Fig.5.5(a) Load—beflection curves (Dial gauge results).

30



Load (kN)

Load (kN)

Load (kN)

113

Fig.5.5(b) Load-Deflection curves (Dial gauge results).
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Fig.5.5(c) Load-Deflection curves (Dial gauge results).
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Fig.5.5(d) Load-Deflection curves (Dial gauge results).



(a) Column C9 (b) Column C19

Fig.5.6 Typical deflection-Height curves (Theodolite results).
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Fig.5.7 Material failure of Cl after passing the point of instability.
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Fig.5.8 Close-up of (lie failed section of ClI



119

Fig.5.9 Typical bending profiles at the end of short-term tests.
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Fig.5.10 Typical crack pattern (C7).
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' CHAPTER SIX

LONG-TERM EXPERIMENTAL INVESTIGATION

B 61 General introduction

o In pracnce, a propornon of the working load ona column will be sustained dunng
the greater part of its life and the effect of this sustained load on the ultimate strength of a
slender column must therefore be consxdered in any de51gn approach

Because of the time required for experlmental studies of the effects of sustained

 load on columns, very little work of tlus nature has been done to date. In consequence

there are few test results avallable to venfy the ‘applicability and use of analytical

approaches L

Concrete is known to creep under load i.e to move progress1ve1y with t1me
causmg 'deformations which may amount to several times the instantaneous elastic
deformations. With regard to short reinforced concrete columns, where fa11ure occurs
" upon the development of the full strength of the cross section (i.e ultimate strain capacmes
of the materials),creep does not greatly influence the failure load. However, for slender
columns where instability is the normal failure criterion, creep can greatly affect the
collapse load as it increases the lateral dlsplacement and consequently reduces the carrying

capacny of the column.’

The objective of this Chapter is to describe the long-term tests conducted to study -
“the behav10ur of slender reinforced concrete columns under sustained load and to assess
any consequent neducuon in the1r short-term capac1ty Tests on concrete cyhnders were
also undertaken to evaluate the amount of creep durmg the load1ng penod SO that thlS
could be accounted for m the theoretlcal analy51s a

6.2 _Introduction to creep . . .
6.2.1 Definition
Creep of concrete is defined as the increase in strain under a sustained constant

stress, after taking into account other time-dependent deformations not associated with

CHAPTER 6



122

stress, such as shrmkage As a matter of fact creep and shrinkage are interdependent and
cannot be separated however, it is common practice to consider them as additive.

6.2.2 Factors affectmg creep
(a) Mlx constztuents

All the concrete mix components (aggregate content, cement content and water
content) affect creep strain in some way, primarily because of their influence on the
- water-cement ratio and the cement-paste content.

The mﬂuence of the aggregate is to restrain the creep of the cement—paste, this
_ effect depends upon the elastic modulus of aggregate and its volumetric proportion.
: Therefore, the stiffer the aggregate the lower the creep and the hrgher the volume of

| aggregate the lower the creep (951 o ‘

- The type of cement affects creep mainly due to its effect on the rate of hardening
of the concrete. Creep seems to be inversely proportronal to the rap1d1ty of hardemng of
the cement used. The effect ofa decrease in water-cement ratio is to decrease creep and
\ therefore 1t can be anncrpated that creep varies inversely with the increase in the strength
- of concrete at the age of apphcauon of the load. For ages at loading greater than about 28

days the mﬂuence of the age at loading on creep is small.

ﬂ(b) Reiﬁforceiﬁeht o

. Broadly speakmg, the effect of reinforcement is to reduce total deformations.
There is ev1dence that both creep and shrmkage are reduced by the 1ntroducuon of
remforcement in the concrete section. Further research mvesugaung the effects of
dlfferent percentages of remforcement on creep and shrinkage is necessary. ‘

{ c) Size of specimen

The general observauon is that both creep and shrinkage i increase with a decrease
of member size. The size parameter is appropriately expressed by the volume/surface ratio
of the member. Wu and Huggins [43] mvesugated the mﬂuence of size on the behav1our
of slender columns under sustamed loadmg, they concluded that the maximum
sustained load/ultlmate short-term capacrty is reduced as the volume/surface ratio of the
column is decreased and they pointed out that the effect of volume/surface ratio is not a
constant factort It'yaries with the age of concrete at initial loading and curing conditions.
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(d) Stress

Creep is directly proportional to the applied stress up to about 40% of the
short-term strength; i.e within the range of working or design stresses. Above 40 to 50%
of the short-term strength, ‘microcracking contributes to creep so that the linearity of
creep-stress relationship decreases with creep increasing at an increasing rate [95].

‘A significant number of tests have been carried out to investigate how stress
affects creep strains. Goyal [33] loaded concrete prisms for a period of six months under
axial loads corresponding to 25%, 50% and 75% of the corresponding prism strengths.
He observed a reasonably constant relation between the creep strains and the
mstantaneous strams at all stress levels and that creep strains are very closely proporttonal
to the instantaneous strain uptoa compresswe stress of 0 75 of the ultlmate stress Rusch
[96] carried out creep tests on concrete cyhnders and found that this approxrmate
relauonsth between creep strain and elastic strain could hold up to about 80% of cylinder
strength, dependmg upon the test duration.

In the hght of the above results it appears to be a reasonable practical approach

for estxmatmg creep strains, to accept this approximate relationship for stresses of about

/50 to 60% of short-term strength. Above 70-80% of short-term strength, sustained load

will eventually result in failure.

() Ambient conditions

- Generally, for a given concrete, creep is higher the lower the relative humidity

[95]. High humidity tends to reduce the rate of loss of moisture from the concrete and

mcreases the rate of gain of strength, resultmg in decrease in creep strain. The rate of

creep increases with an mcrease in temperature up to a maximum of about 70°C thereafter _
decreasmg somewhat up to 100°C [94] o ’ ‘

"~ 6.2.3 Methods of the general prediction of creep

Considerable research has been concerned with the determmatton of the long—texm
movement of concrete specimens under dlrect stress and has resulted m numerous “
theones on the predtctton of these deformattons N

The prmmpal recogmsed methods are the following:
a- Comité Européen du Béton (CEB-FIP), 1970 [97].

~ b- Comité Européen du Béton (CEB-FIP), 1978 [98].
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- American Concrete Institute (ACT), 1978 [99].
d- Bazant and Panula 'S model II 1978 [ 100]
- Concrete Society (CS), 1978 [101] adapted by BS8110: 1985.

Details of the above methods are not given here; however, for details of
fapphcatlon of these methods, the reader can refer to the references given for each method.
Alternatively, adequate coverage is given by Neville et al [102].

6.24 Methods of creep‘analysis of st_ructural members .

‘Most of the creep tests have been performed under conditions of constant stress;
however in many practlcal cases stresses can vary with time. Methods for computing
creep under such circumstances are available, such as:
| " a- Effective modulus method.

. b- Rate of creep method.

i1+ ¢- Rate of flow method.

d— Method of superposmon

Each method is based on certam assumpuons which make it capable of predlcung :
creep reasonably well in situations where other methods fail to glve good results Full
descnptlon of these methods and the1r apphcatlon can be found in reference [102]

e The effective modulus method has been adopted for the theoretical analysrs In
- this method, the modulus of elasticity of concrete is reduced to account for creep effects,
by a factor (1+¢), where ¢ is known as the creep coefficient, thus:

Y ()

The reduced or effectxve modulus Ee is then used in the analysrs The method

gIVCS rehable results in situations where stress does not vary greatly with time and where

agmg of the concrete 1s negligible because it is based on the assumptlon that the creep

strain at any glven tlme t, depends upon the stress acting at that time, ignoring the history
of stress.” |

However, as discussed in section 6.2.2, the characteristics of creep depend upon
many factors, some of which are themselves variable: the properties of concrete within
the member itself, the ambient conditions, magnitude and nature of stress..etc. Even in
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more controlled environments in laboratories, two identical concrete specimens subject to
the same loading conditions will possess different rates of creep. Taking account of these
practical limits, leads to a conclusion that an accurate assessment of creep is eventually
unnecessary if it is not impossible. Thus the assumptions of the effective modulus
method are considered acceptable.

6.3 Experimental programme

6.3.1 Test columns

Details of the nine columns which have been designed for long-term tests are
given in Fig.5.1, namely: C6, C8, C10, C12, C13, C15, C16, C18 and C20. A full

- description of these columns is provided in Table 6.1.

- To verify the overall behaviour of slender columns under sustained load, columns-
C13 and C16 were designed as identical to columns C12 and C15 respectively. However,
due to constraints on time and because all the columns tested followed a similar pattern,
column C16 was omitted.

_ ' The main aim of these experiments is to establish the reduction in the
column-carrying capacity due to creep and other long-term effects. These columns were
identical to the columns used for short-term tests. This implies that the major variable
studied was again the slenderness ratio. The sustained load was taken as 60% of the
ultimate short-term capacity for all columns. This level of sustained loading was
cons1dered to be a reasonable estimate of the long-term failure load for slender columns.
All long-term tests commenced at an age of 28 days to simulate the conditions in practice
where columns are normally loaded at this age. The load was to be maintained for 90

| days; if at the end of the loading period the column does not fail, then it will be subjected

to an increasing load, under short-term loading conditions until failure occurs.

As discussed in Chapter 4, two rigs were designed and one of them was modified
for the long-term tests by adding three sprmgs at the top. The other was meanwhlle
utilized to complete the short-term programme without the use of the springs. After the
compleuon of the short-term programme both ngs were used for long-term tests. The test
| frame layout is shown in Frg 4 4 and the momtormg sections on the column are shown in
th 4 6. Load was apphed using a hand- operated hydrauhc Jack and sustained by the :
means of sprmgs and Macalloy bars | |

Tk
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6.3.2 Concrete control specimens

" Concrete control specimens were cast with each column to determine concrete
properties, in the same manner described in sectlon 5.2.2 for short-term tests. In
addmon three extra cubes were cast and stored beside the corresponding column and
were tested at the end of the loadmg perlod for their compresswe strength The prism
used to measure the stauc modulus of elasncrty at the age of 28 days and at the time of
loadlng, was stored alongs1de the column and used to determine Eg at the end of loading. .

. ~ The results of the above tests are given in Table 6.2.

6.3;3 :Creep s‘t‘u‘dy H

Six 76x267 mm cylinders were cast with each long-term test, three were used to
" determine the compressive strength at an age of 28 days, two were loaded in the creep
frame for creep strain measurements and one cylinder remained unloaded for shnnkage

: stram measurements

At the end of the loadmg penod, creep cylmders were unloaded and tested with
the shrinkage cylinder for their compressive strength. The results of compressive strength
 tests are given in Table 6.2.

' 64 . Test :procedure _

~ 6.4.1 .. Preparation and checks

Columns were prepared and checked in the same manner described in

section 5.3.1,:

6. 4 2 Loadmg and test duratlon

-+ After the eolumn was mounted in its rig and prepared for loading, two cycles of -
load were applied from zero up to 10% of the expected failure load. The sustained load
was applied in preselected increments similar to those used for the identical column in the
short-term test. As the load is applied the spnngs go into compressron and the Macalloy
bars act in tension. On reachlng the requlred load the nuts underneath the bottom plate
were tlghtened usmg a spanner and the hydrauhc jack was released. ‘

Ateach load i mcrement, deﬂectrons and strains in concrete and steel were recorded
and readings of the load cells were taken. A full set of measurements was also taken
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immediately after releasing the jack. The average number of increments per test was six
and the overall loading time was less than two hours. After loading the column the
concrete control specimens were tested and the creep frame was loaded.

- Load was maintained within 5%, any drop in load below the acceptable limit
was compensated for by re-applying the jack and jacking up the column to the desired
level. A compiete set of readings was taken before and after every adjustment of the load.
The load was checked, readings were taken and the column was visually inspected at the
following mtervals after 4 hours of loadin g 10 hours, every day within the first week of
loading, then every two days within the second week of loading, then weekly till the end
of loadmg penod. In addition, the effect of usmg the second rig dunng the duration of the
test, was also monitored by takmg a full set of readings before and after using the second
- rig. This was found to have a small but noticeable effect only on the dial gauge readings.

6.4.3 Loadmg creep specnmens :

- . At an age of 14 days, the rough face of the creep specimens was wet ground in
order to prov1de a bearmg surface smooth and perpendicular to the axis. Thereafter the
specimens were returned to their storage position beside the column. Before loading, all
the plates of the creep frame were carefully cleaned and covered with a thin film of grease

_ to reduce friction. .

On the same dajv of loading the column, the creep specimens were loaded to the
required level after recording the zero readings. Immediately after loading strain feadings
were taken to obtain the instantaneous elastic strains. An unloaded specimen was placed
next to the creep frame to determine shrinkage strains. All three specimens were located
close to the column to guarantee the same environmental conditions.

o It was mtended to keep the same loadmg level on both the column and 1ts creep ‘
spec1mens (60% of ultimate short-term capacity). Unfortunately, the creep frames
“available in the laboratory were only capable of applyln £ a2 maximum compressive force
of 100 kN; 60% of the cyhnder compressive strength for the particular concrete mix used
throughout this investigation was on average 110 kN. Hence, the creep frame was used
up to its maximum capac1ty giving an average load level of 0.54 of the cylinder
compressive strength. - ‘

This load was maintained within £5% during the loading period, creep and
shrinkage strain readings were taken before and after every adjustment and at the same
intervals‘ as the readings for the corresponding column.
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6.4.4 Termination of long-term tests

, All tests were termmated at the end of ninety days. None of the eight long—
test columns failed during this loading period. The load was then increased under
short-term loading conditions until failure occurred. The average number of increments
per test was six and total testing time one hour and a half. An exception was ‘column C20

- which failed after two increments of load only.

| At the end of 90 days the creep spec1mens were also unloaded and the immediate
creep strain re"overy was recorded; readmgs of the shrinkage stram were taken and then_
the thnee cylmders were tested for thelr compressive strength.

6.5 = Experimental results
o Companson between expenmental and theoretical buckhng loads are provrded m

Table 6.3. The table also gives a comparison between the expenmental and theoretical
d—helght eccentricity at the point of mstabrhty

o To present the expenmental measurements on the columns, two sets of data
correspondmg to columns C10 and C20 have been chosen to illustrate the trend (Flgs 6.1
06 7). Column C10 has been chosen asa typlcal long-term test whﬂe column C20 was
shown as the only exceptlon to the general behav10ur |

Fig.6.1 shows the curves of mid-height strains in concrete against load. Fig.6.2

shows the development of compressive strains in concrete in the mid-height region with

“ time elapsed since apphcatlon of sustained load. Strain variations across the mid-height

sectlon dunng the loadmg penod and at the end of the short-term test (after sustained

load) are shown in Frg 6.3. Curves of mld—helght deﬂectlon vs. load usmg dial gauge

‘readings are illustrated in Fig.6. 4. These readings were ‘also plotted against time in

Fig.6.5. Profiles of the column at three different stages of the test, are given in Fig.6.6 as
obtained by the theodolites. : : o . o

t,uu .

: Results from the creep study are glven in Table 6.6. The creep stram is obtained
by subtractlng shrmlcage and elasuc mstantaneous strams from the total measured stram
The development of creep straln w1th t1me is shown in F1g 6. 7

6.6 . Observations and discussion
- The long term columns were loaded smularly to the short—term tests, in respect of :

,achlevmg smgle curvature. The sustained load was also apphed at a constant eccentricity
of 10 mm and the initial nnperfectxons were added to the apphed eccentricity.
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All columns remained stable under the sustained load during the 90 days, except
column C20 which showed a tendency to buckle towards the end of the loading period
due to its high slendemess ratio of 62.5, its lower percentage of reinforcement of 2. 5 8%
anda hlgher ei/h ratio as compared with other columns. ‘ o

As explamed in 6. 4 4 the load was increased at the end of the 90 days under
short-term loading condmons unul the column failed. Instablhty was shown as the type of
fallure followed by considerable bending until material failure occurred (column C6 and
C8) or the column approached the rig at a typical value of mid-height deflection of aboui
150 mm (all remaining columns). Fig.6.8 shows column C6 after failure. Typicai
bending profiles beyond instability for columns C10 and C20 are shown in Figs.6.9 and
6.10. While loading column C6 one of the springs failed in compression at the level of
80% of the required sustained load (see 4.5.2) and the test was discontinued. After a
week the spring was replaced and column C6 was reloaded. The sustained load level was
reduced to 56% of the correspondmg short-term capacrty to allow for the possible effects
of the ﬁrst un.

s A few cracks ‘were dlscovered on the tension faces of all columns using a
magnifying glass, typlcally after 30-40 days under load, except column C20 where cracks
appeared after only 14 days Dracos [5] stated that in his tests no visible cracks were seen
before fallure, however, he did not inspect for microcracks. At the end of each test,
cracks were marked and a typical pattern is shown for column C13 in Fig.6.11. Cracks
also appeared on the compresswn face after removmg the load for the reason explained i in
‘ chapter 5 (see 5. 5)

Strains in concrete were again recorded at three sections on both the tension and
compresswn faces The results of the two symmetrical sections on each face agam
‘ confirmed the symmetncal behawour of the column about the m1d-he1ght. C

It can be seen from Fig.6.1 that the tensile strains were very low and close to zero
when the column ‘was initially loaded. Dunng the loadmg penod, these tensrle strains
increased after every adjustment of load, then with time they decreased because of loss of
load and redxstnbutlon of stram across the section due to creep. The overall rate of
1ncrease at the end of the 90 days was different from that of compressxve strams The
development of cracks resulted in further transfer of stresses from concrete to steel and
may have contributed to this behaviour. Investigation failed to locate such observations in
previous work or even any contmmty of measurements of tensile strains with time. Goyal
[33] measured the tensrle strams at the beglnmng and at the end of the loadmg period; it
seems that the tensile strains in many cases of Goyal work, increased by about the same
factor as the compresswe strains. [ ‘ ' ‘ g
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( Column C20 as can be seen in Flg 6. l(b), showed a greater increase in tensile
stratns durmg the 90 days. In fact the lateral deﬂection of this column during the initial
loading was acadentally mcreased 3 mm by a technician in the process of tightening the
" nuts underneath the bottom plate at load stage 25 kN. This of course increased the
moment acting on the column and may account, with other reasons, for the exceptional
behaviour of this column. It was also noticed that on the first day of loading this column,
the temperature in the laboratory had increased by 5°C; this of course increased the creep
in the column at this early stage of loading.

Typ1ca1 vaiues of compresslve strain at the pomt of mstabihty were 0.002 for
: columns C6 to C12 and 0.001 for columns C13 to C20. This emphasrses the fact that
instability occurs at low strains. Pancholi [29] neported max1mum buckhng strains of the
order 150 microstrain 1n his hmited series of long-term tests which appears to be very

low.

o The steps m the curves of Flg 6. 2 are caused by the ad_]ustment of load It can be
seen from Fig.6. 2(b) that compressxve strams in column C20 have mcreased by a factor.
of 7 compared w1th a typical value of 32 for all other columns

: | Linear stram variations were observed during the initial loading and afterwards
(Fig.6.3). The depth of the neutral axis decreased due mainly to the continuous transfer
of stress fnom concrete to steel as long as the steel has not reached its y1eld pomt.

- The effect of creep on deflection readings at loads near to mstablhty can be clearly
seen in Fig.6.4(a). The mid-height deflection of column C20 at the end of the 90 days
reached a magnitude of 7 times the value on initial loading compared with a factor of 4 for
all other columns. The high slendemness ratio of this column (62.5) and its low area of
remforcement made i it particularly sensitive in terms of deflection as clearly reflected i in the

‘dial gauge readings any touch to the column or the loading frame would increase the
deﬂection addmg to that the 1ncrease due to load adJustments v -

Profiles of the column at three load stages are shown in Fig 6.6. The first stage
"was 1mmed1ately after reaching the required level of sustained load, the second stage was
chosen at the end of the 90 days before the short-term test and the third stage was at the
end of the test. The results obtained confirmed that the column follows a sine curve as it
buckles.‘ T o

There was good agreement between the theodolite and d1a1 gauge readmgs,
enhanced by the back—up readings taken v1a plumb hne at the three stages defined above

* Lateral deformatlons perpendicular to the direction of bending occurred in a few
tests, usually negligible up to the point of instability but reaching appreciable values at
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deflections considerably beyond the buckling load for columns C8 and C10. This
conﬁrmed as observed in the short-term tests, that the assumpnon of smgle curvature
bendmg is vahd in the theory and was achieved expenmentally

. The expenmental buckling load taken as the maximum recorded value durlng thc
test, and the corresponding mid-height eccentricity are given in Table 6.3. To obtain the
values of eeg, the initial imperfection eg and initial eccentricity e; were added to the
theodolite and dial gauge readings. To calculate the theoretical results given in the same
table, load eccentricity-curvature graphs given in Figs.3.14 to 3.22 were used. In
producing these graphs, the creep coefficient was taken as 2.0 and the values of fc; were
. chosen to cover the range of test values relevant to the time of failing the column at the

~ end of the loading period. The values assumed for the effective depth ratio d/h were 0.75
for column C18 and 0.8 for the rest of the columns Bucklmg deflectron-curvature

relatlonshxp as grven in F1g 3 24 was used |

The values of the stattsucal parameters for the ratios Peest/Piheory and etest/emwy
are given in Table 6.4. Generally the theory appears to be conservative in predicting the
long-term faxlure load The mean value of Piest/Ptheory is 1.26. Good correlatton was
achreved in predrctmg m1d-helght deflection at the point of instability; the mean value of
etest/emeory was 1.13 when using theodolite results and 1.15 for d1al gauge results. The
‘ theory slightly underesttmates deflections as previously observed for the short-term tests.

-~ The vanauon between theodohte and dial gauge readings, especrally in the case of column
C10, are again due to the dlfference in time, which is a crucial factor near mstablhty,
when these readmgs were taken Also they are due to difference in load; although the
column was usually allowed to stabilize under each increment before taking readings,
when instability approaches it becomes difficult to maintain a constant load on the column
and it continues to drop slowly dur-tng taking readings (see Fig.6.4(a)).

" The long-term buckling load is compared with the short-term capacity in Table

6.5. The change in concrete strength due to age in a period of 7 months was shown by
Goyal [33] to be 1ns1gmﬁcant He arrived at this conclusion after testmg 26 columns in
| pairs under short-term loadmg condmons, one was tested after 28 days and the second
t approxnnately 7 months after castmg In the present 1nvest1gat10n all short-term tests
have been carned out on columns at ages rangmg between 21-33 days while the age of
columns at the concluswn of long-term tests ranged between 115-125 days, i.e the
increase in concrete strength due to age durmg the loadmg penod (90 days) could be
1gnored ThlS is also substantiated by the results of the compressive strength tests carried
out on the concrete control specunens, cubes and cyhnders (refer to Table 6.2); where the
1ncrease 1n concrete strength durmg the loadmg penod was only up to 6%- 8% on

8

average.
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T Thc reduction in thc column load capacity depends upon many factors: levcl of
sustamed load, percentage of reinforcement and load eccentricity/depth ratio. The level of

sustained load was constant at 60% of short-term capacity throughout the investigation,
“however, for practical reasons it was difficult to keep the percentage of reinforcement and
‘load eccentricity/depth ratio constant particularly as the column depth became smaller. For
-these reasons it was difficult to draw definite conclusions from Table 6.5. There is no
‘apparent relationship between the reduction in column capacity and slenderness ratio

because other factors are not identical.

The maximum reduction of 40% was recorded for column C20, while the
minimum value of 10% was recorded for columns C8 and C13. Column C8 exhibited
lower creep, while column C13, the identical column to C12, failed at a higher load at the
end of the loading period, thus recording a lower reduction in carrying capacity as -
compared with column C12, which exhibited more strain and deflection during the
sustained loading period. The theory predicted greater reductions for columns C12 to
C20, therefore the ratios Ptest/Pmeory for these columns were higher.

~ Goyal [33] studied the behaviour of 20 columns of slenderness ratios 16, 24 and
.36 under two magnitudes of sustained load: 40 and 60 percent of the ultimate short-term
- capacity, for a period of six months. According to the results obtained, he pointed out that
if the sustained load is not more than about 40% of the short-term carrying capacity, the
‘reduction in the load capacity is very small and becomes even smaller if the percentage of
reinforcement is increascd. He found that columns loaded up to 60% of the ultimate
short-term loadmg capac1ty with end eccentricities of 0. 167h had a large reduction in
;ulumate capacxty (up to 25%) after a period of six months under sustained load.

The creep cocfﬁc1cnts givenin Tablc 6.6 were obtained by relating creep strain to
the 1nstantaneous stram of loading, creep strain being the value of total stram minus
shnnkage and elastic strains. Shrinkage strains were recorded on separate unloaded

| chpamon specimen. Negligible increases in shrinkage strains beyond the age of 28 days
‘were reported by Goyal [33]. Dracos [5] stated also that the rate of shrinkage beyond the
- age of 28 days is very small. In this work shrinkage strain measurements commenced on
the ﬁrst day of loading. The shrinkage strain at the end of the loading period reached
maxnnum values ranging approximately between 200-300 microstrain.

,‘The lowest value of creep coefficient was 1.55 obtained from the specimens of
.column C8. There was no specific reason why these specimens exhibited such low creep
in comparison with other columns’ specimens. The highest valﬁc in the range was 2.68
recorded for the specimens of column C13, but that was mainly due to two loading errors
in the first day where higher load than required was applied. It can be seen from the table,
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that the value of 2.0 was the appropriate choice for the creep coefficient to perform the

theoretical analysis.

The effects of creep coefficient on the theoretical results have been examined and
shown in Table 6.7. Choosing a value of 1.0 for column C12 would give
Ptest/Ptheory=1.13; increasing it to 4 gives Piesy/Ptheory=1.6. Clearly as creep increases it
reduces the carrying capacity of the column and this is correctly reflected in the theory by
predicting an mcreasmg reduction in the column capacuy, hence hlgher Ptesl:/Ptheory

values.

When the creep coefficient equals 1.0 the ratio €esy/erheory becomes 1.43, while -
increasing it to 40 yields egest/€theory=0.86. The corhpressive strains in the concrete
increase with creep, leadmg to an increase in curvature with a consequent increase in
deﬂectxon The effect of the value of the creep coefﬁc1ent on the ratio ewst/emeory becomes |
smaller for values greater than 2.5. ' :

6.7 | Cdnclusiohs
| o 1- Instab111ty is the failure cntenon for the columns tested, mdlcated by a drop in -
load which occurred at compressxve strams in the range 0.001-0. 002 (F1g 6. 1) '

2- A sustamed load of 60% of short-term capaclty causes a cons1derab1e reduction ,
; in the load capacxty ofa slender column and can be as much as 40% (Table 6. 5) ‘

- 3- Under sustained load of 60% of the short-term capacity, the mid-height |
dCﬂCCtIOIl can typically reach a magmtude of 4 tlmes the value on the initial loadmg ‘
~ (Figs.6. 4(a), 6.5(a) and 6.6(a)). | B

* 4- While the theory appears to be conservative in predicting the long-term failure
' load it closely predlcts the deflection at the point of instability (Tables 6.3 and 6.4).

5- The creep coefficient was found to strongly mﬂuence the predicted buckling
load (Table 6.7), emphasising the fact that creep has a major effect on the stability of
slender columns and must be accounted for in the theoretical approach. For values of the
creep coefficient within the range 1.5-2.5, the influence is also considerable on the
predicted deflection. o

6- The behaviour of tensile strains in slender columns under sustained load,

merits further investigation.
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Table 6.1 : Column details.

1 C16 was omitted.

P

Colmn | b | B | o %hs | e L v
© | (mm) | (mm) (m)

cé e 36 | 2880
cs |12 | 125 | o078 | 423 | ooso | a2 | 3360
cwo | | 48 | 3840
ciz | . | a5 | 4500
cis | 152 100 | o079 207 | 0100 | a5 | 4500

| c15- ] e 5.0 50.00
C16t 5.0 50.00
cig8 |12 | 90 | 076 | 330 | o111 | so | 5556
c20 |12 | s0 | 078 | 258 | o125 | so | 6250

*lp=L.




_ Table 6.2 : Concrete properties. .

Col.

Cubes cured with column B -
. “i’""“' S e s e e curing

Standard

|28days

Start of loading

End of loading

28 days

Cube

density |

(keg/m3)

- Cylinder compressive
strength - (N/mm?2)

Static modulus of elasticity™ |-
(kN/mmz)

28 days

ﬁnd of loadm g

Startof
loading

End of
loading

56.2

feu3s=60.8

fcu125 =63.1

5230

2378

43.6

f(! 125 = 452

© 325

35.1°

C8

55.6

7 fc“32 =572

fc'ii:122 =622

N 50.2’{.

2411

40.0

fe122 =42.5

348

349

1 36.2

20

c10

54.4

fCU32 = 56.5

fcu7123= 61.6

52,5

“2401

372

fe123 =432

“35.1.

34.8

56

cel

C12-

512

. :fc“28 = 51.0

fou120=353.2

50.2

©2374°

397

fc120=400

344

" 344

35.4

- 30

ci13

-49.9

' :fcugg =50.0

foul1s = 51.‘9

410

~2390-

383

fe115 = 41.5

331

- 33.2

35

-C15

62.2

feu9 =62.4-

feu119=67.0

-58.8

2400

457

fe119 =493

352

35.1

~36.1-

20

C18

53.0.

feuw29 =520

fcui ]_7 = 55.2

504

2381

- 398

fe117=43.5

332

45

c20

504

feu30 = 504

fou120 = 55.2

413

2389

38.5

fe120 = 43.4

34.2

45

* measured on prisms



Col

‘Sustained

load (kN)

“Prest *

(kN)

Prest/
 Piheory

€iest (mm) e

Theodolites

Dial géuges i

© 7 etest/ etheory

Dial gauges |

C6

| avmmd

203

269

1.05

520

Tﬂeoddlites

1.14

cs:

e

150

225 |-

4116

52.4

552 -

1 1.08

- 1.14

c12

cio| 616

532

i 61 -

88 g

1.0

135

61.7

e e e e
-————-—_—-——-———-——-—T-—-—-————-

48.6

65.7: o

1.4

121

113

C13

519 |

61 |

93

| ..1.45

41.5

42,0

0.96

0.97

c15

]

C18

]

670

552

51

39

C20

552 ¢

27

28

55
34

24

133

117

46.8

66.8

468 |

66.8

483 -

50.0 |

1.09

133

1.15

1.09

17‘.'33

¢ = mid-height ec¢ehnicity at th§ point of inisrtabilitgy.‘ e

| pP= bucficlipg ioad aftgg sustained 1qading period.

fy=530Nfmm?
¢=20

9¢l
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Table 6.4 : Statistical values for long-term tests.

Sﬁdsﬁcd parameter 171;—1‘3.% StesiEineory

Theodolites  Dial gauges
Minimum ratio - “1.05 0.96 0.97
Maximum ratio - 1.53 1.33 1.33
Mean - 1.26 1.13 1.15
Standard deviation 0.18 0.11 0.10
Coefficient of variation|  14.3% 9.73% 8.70%
Number of tests -~ 8 - SR AT O R

- * Theodolite results are not available for column C6

++ Table 6.5 : Reduction in cblumn capacity. v :

Piest Peest Reduction | Theoretical
|Col.l  fey %As | eij/h | ls/h [ Short-term | Long-term |in capacity | predicted
- |N/mm?) N kN) | . (%) . [reduction (%)
ce| 631  |2880] 360 | 269 25 34
cs| 62 423 0.080|33.60] 250 | 25 10 | 33
cio| 616 | | |ssa0] 205 | 157 | 2 37
lc12]| 532  |4so0f 102 | 88 15 | 41
c13| sio | 297 |o.100]4500] 102 |93 | 10 )
‘lc1s| 67.0 - s000f 8 | .73 | 15 3
c18] 552 | 330 |oanissse 65 | s2 | 20 45
c20] 552 | 2.58 [0.125]62.50 45 || 28 40 41
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Table 6.6 : Results of creep study.

Test | gix 106 | Strains at the end of the sustained loading _ &
T period : €
reference erx 106 | enx106 | x106
cé6. 892 1884 280 3056 2.11
cs | 1054 1631 216 2901 1.55
c10 | 1060 2557 254 3871 2.41
c12 | 1074 2310 260 3644 2.15
c13. 944 2530 212 3686 2.68
C15 785 1733 194 2712 221
cis 858 1752 290 2900 2.04
c20 861 1944 316 3121 2.26

Table 6.7 : Effect of creep coefficient on theoretical results.

| Pest | e P Prest Crest
col (1:3; (mtex:) ¢ (tllcleNo)ry Fihcory e(::)y ey

} 1.0 78 | 113 | 340 | 143

15 | 70 | 126 350 | 1.39

len2| 88 | 486 2.0 65 1.35 43.0 1.13
B | 2s 62 1.42 54.3 0.90

3.0 58 1.52 560 | 0.87

40 | 55 1.60 | 565 | 086
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(a) Column CIO

(b) Column C20

Fig.6.1 Curves of mid-height strains in concrete

vs. Load.
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(@) Column CIO

(b) Column C20

Fig.6.2 Curves of mid-height compressive strains
in concrete vs. Time.
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Col. 20 P
10
3 80 L]
\\
.
Immediately after loading 32 8_ — ] 28 kN
10 4 P 144
' 360 456 ‘ 130
144| |168 73 -
124 kN | 83 _After28days . 1925~ 28 kN
. *\\ R \ -
T 398528
6461~ 936 406
- 683
| 168 !
200{ ' H28 336
122KN (Rss, After 56 days il 27 kN
<X § \\ - .
: \ R AT R R U 526 736
CE ] 2
1000
_ He 10 mm
' N 433
sel B8 . | 24k
119 kN (TR , End of loading period before |+ N 4
short-term test \ .
i - - \J
: ‘ & L 648 1008
- 66[~J1256 674
I 931
[}
| | '
| 4424~\46°.3 I ‘ | ‘ ,
: N N ‘ |
. \ | 2030 ;
N . 2256\ 924 ,
128 kN| N After failure (end of test + < 22kN -
: \\ i \\ Z Ce
‘ I N 0 c {2000
L 212 \ 2000 “g:l
3856 10 mm
. s s '
1 . y " I

I - _i_'&d 1 f§ Electrical s:»train gauges on steel.
' l | | DCIT‘I.CC points. ‘
By ‘i“— ’i - _i e x Position of applied load.
: X X P -1+ II ,
Do {—gfl - me o
! ! ! ‘ - Bc + Bt ‘ ‘ ‘

Fig. 6.3 : Strain variations across the section at mid-height region.
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(a) Column CIO

0 20 40 60 80 100 120 140

Deflection (mm)

(b) Column C20

Fig.6.4 Deflection at mid-height vs. Load
(Dial gauge results).
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Deflection (mm)

143

(a) Column CIO

0 10 20 30 40 50 60 70 80 90
Time since application of load (days)

(b) Column C20

Fig.6.5 Deflection at mid-height vs. Time
(Dial gauge results).

100



(@) Column CIO

(b) Column C20

Fig.6.6 Deflection—Height curves (Theodolite results).
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Creep strains (10 ¥

Fig.6.7 Creep strain-Time curves measured on concrete cylinders.
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Fig.6.8 Material failure of C6 after passing the point of instability
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Fig.6.9 (a) Bending profile of CIO after instability failure, (to the right
C15 under load).

(b) Close-up of CIO.
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Fig.6.10 (a) Crack pattern on the tension face of C20.

(b) Bending profile of C20.
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Fig.6.11 Typical crack pattern (C13)
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CHAPTER SEVEN

ANALYSIS AND DISCUSSION OF RESULTS

7.1 - Introduction

The appﬁcabiﬁty of the proposed analysis is checked by extensive comparisons
- with test results reported by various investigators. In total 118 tests are considered, of
which 65 are short-term tests and 53 are long-term tests.

The theories adopted in the two Codes of Practice BS8110 and ACI318 are used
- to predict the experimental failure loads for columns tested in this work and they are -
_ compared agamst the theory proposed in Chapter 3. .

| These compansons are made to examine the general vahd1ty of the approach over
a wide range. This Chapter provides coverage of all the assumptions made to perform
these comparisons. The results obtained are evaluated and discussed. - . -

" 7.2 ‘Co‘mparisoti v‘vith‘codes,of p‘ract‘ice\ -

! Two Codes of Practice are selected for the comparison with the experimental
- work, BS8110 and ACI318-89. Eurocode No.2 is excluded; as explained in Chapter 2
~ (see 2.2.3) the final version is not available yet. However, the resemblance is obvious
between the method recommended for slender columns in the final draft and BS8110.
" Hence, it is expected that it would give similar results to the BS8110 approach The
~ Japanese Code, covered in section 224. 1,is d1sregarded because i it does not specify any
* particular method for slender columns; the Australian Code described in section 2.2.4.2 is
not considered because of its close similarity to the ACI318-89 procedure.

7.2.1 Bntlsh standard BS8110 1985

| BS8110 approach [6] is based on the addmonal moment concept fully descnbed

: in Chapter 2. The method as presented in the Code is a design tool; in order to predict |
expenmental failure loads, interaction dJagmms giving the characteristic failure conditions
were necessary. The following assumptxons were used in producing Figs.7.1, 7.2
and 7.3:
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(a) In the assessment of the strength of sections, the stress-strain curves for

. concrete and steel as given in Figs.3.1 and 3.2 were used to produce Figs.7.1 and 7.2
- (the difference is negligible between the two figures, see 7.2.1.2). Figure 3.1 was
modified to allow for long-term effects by multiplying the strains by (1+¢), and then it
was uscd with Fig.3. 2to producc Fig.7.3. Factors of safety were omitted and actual

material properties were used.

(b) The depth of the sunphﬁed rcctangular stress block for concrete and the
centroid of the concrete comprcsswc force (see Fig.B.2 in Appendix B) were calculated
according to the cube strength appropriate to the time when the column actually collapsed.
- Average values for the constants kj and ko were then used. The effective depth ratio d/h

was taken as 0.8.

(c) The interaction diagrams were produced in terms of pfy/fcy; and their values

‘were chosen to cover the range of the experimental variables.

(d) The vertical axis of the interaction diagrams gives the values of Pg/bhfcy
(i.e when M/bh2f.;=0). In the preparation of these charts, the gross area of the concrete
- has been used at all Umes, no rcducuon has bcen made for thc area occuplcd by the

“““““

reinforcement.

.. Im ﬁndmg PBS for short and long term tests, the design method as presented in
BSSIIO was cmployed in its cntlrety (spemfically Clauses 3.8.3.1 to 3.8.3. 5). With
regard to the assessment of effective length, this has been taken as equal to the actual
column height. After examining Clauses 3.8.3.3 to 3.8.3.5, all columns were analysed as
uniaxially bent about their minor axis. The steps followed in the analysis are summarised

* below: |
1- Calculate the additional e&:eﬁlﬁcity eq assuming the reduction factor K=1:

=000 (le Kh (Eq.2.2) (1.1

25 Calculate the total ccccnuicity e¢ at the mid-height of the column:
| ‘e¢=eo+ei+eg"" ' | (1)

ThlS is the maximum eccentricity which was found to govern the design,
-where * ’
€0 o= uutlal ifnpeffeéﬁdn =5.68x104L
e; = initial load eccentricity = 10 mm
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3- Plot the line ey/h on the chart; at the intersection point of this line with the
relevant pfy/fc, curve for the column under analysis, read the value of P/bhfcy.

P is the load at which section failure will occur.

4- Knowmg the values of Po,Pbal and P, K can be calculated from the equatlon
k=-P0=P)_ 1o , (Eq24) (73)

(Po Pb 1) -
‘1'30 1sras given in Eq (3 8)
- 5-UseKto c‘:ﬂcu‘lag: amended adciitional qécentﬁcity |
- 6- Repeat stages (2) to (4)

7- If new thswithin + 1% of the initial value, the process is finished and the last
~ value of P is the failune load Pgs.

8 If new K is substanually dlffercnt goto stage (5), beanng in mmd that 1t is thc |
basxc addmonal eccenmmty wh1ch will bc modlﬁed -

© 0. chcat the process until the condition in stage (7) is reached. -

7.2.1.1 Comparison with the short-term tests

' " For comparisons with the short-term tcsts; the interaction diagrani given in
Fig.7.1 was used to assess section strength. The constants k1 and kp were found to be
0.84 and 0.43 respectively. The design method, implementing the iteration procedure
outlined above, was then used to predlct the expenmcntal failure loads and values are
glvcn 1n Table 7. l Also to be found in the tablc are the values of PBS, if K was set as
‘umty m the analys1s

7.2.1.2° Comparison with the long-term tests

| ‘Due to the fact that BS8110 does not allow for long-term effects, Figs.3.1 and
3.2 were used in the assessment of section strength to produce the interaction diagram
given in Fig.7.2. The only variations were in the constants k; and k3 of the simplified
'co'rkicrctc- stress block which varied due to age effects represented by the fy value. These
. were taken as 0.82 and 0.42 respectively. However, the differences between Figs.7.1
“and 7.2 due to this were found to be negligible.
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The de51gn method was apphed to obtam PBS and the values determmed are
| prov1ded in Table 7.2. The values of Pgs, calculated when K=1, are also in the same
table. ‘ ‘ SRR

The mteracuon dlagram in Fig.7.2 was modified to take account of creep effects
in the same manner as in the proposed theory in order to compare the results. The
concrete stress-strain curve of Fig.3.1, modified as explained in 7.2.1(a), was used in
assessing the strength of the section. The resulting interaction chart is illustrated in
Fig.7.3. The creep coefficient ¢ was taken as 2.0, as used in the proposed theory and as
found by the experimental creep study. To calculate failure loads, the design method
presented in 7.2.1 was employed without any modification. Results obtained are
prov1ded in Table 72.

~7.2.2 American standard ACI318-89

The theory adopted in the recent American Code ACI318-89 [7] is based on the
moment magnification method described in Chapter 2, which relates slender column
design to strength calculation. This method is allowed only for columns with kL/r<100
(e/h=30); for columns with kL/r>100 second order analysis has to be made However,
~ explained in the Commentary to the Code [7], such analysxs is more relevant for frames
as it gives the moments only at the ends of the column. For a slender column, the
maximum moment may occur between its ends, depending on the deflected shape of the
column. In Such a situation it is necessary to compute a magnified moment. The
Commentary to the Code provides a formula to check whether the maximum moment is at
one of the column ends or between them.

The slenderness ratio in terms of kL/r (taking r=0.3h) was found to range
. between 60 and 96 for columns C1 to C6 and between 112 and 208 for columns C7 to
C20. However, all columns were pin-ended, bent in single curvature and therefore the
maximum moment occurs at mid-height and the moment magnification method is
‘ apphcable for analysmg all the columns

" To make valid comparison with the expenments, the interaction dlagrams needed
to be produced without applymg the st:rength reduction factors and using actual material
properties. The stress-strain relat10nsh1ps for concrete and steel as described in section
10.2 in the Code were used to assess the strength of the secuon The cylmder strength

-was taken as O 8 of the cube strength The depth of the srmphﬁed nectangular stress block

was calculated accordmg to the equlvalent cylinder strength relevant to the time of testmg
the column, accordmgly the factor kj (referred to as P in the ACI Code) was found to be
0.746 for short-term tests and 0.704 for long-term tests; the factor ka was taken as kj/2.
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The fact that the presence of the reinforcement has occupied a correspondmg amount of
concrete area 1s neglected here as for the BS8110 calculations.

The interaction diagrams given in terms of pfy/f'c are shown in Figures 7.4 and
7.5 for short and long-term tests respectxvely The dlfferences between the two figures
are due to the variation in the k1 value.

To calculate the theoretical failure loads Pacy using Figs.7.4 and 7.5, the design
method presented in the Code in section 10.11.5 was employed as follows:

1- Calculate the actual eccentricity acting on the column: ej+ep

2;-" Calculate the critical load Pe:
" m2EI

vPc—

a7 (Eq2.14) - (1.4)

Takmg the effective length factor k=1, L = actual length of the column R

g1 - Eelg /5 + Edlse) (Eq.2.16) (7.5)
1+ Ba

Ec wcl30.043VF ¢ (N/mmz) where w is the densxty of concrete (kg/m3)
" and fc is the cylmder strength at the t1me of testmg the column (N/mmz)

Ba= O 0 for short-term tests
Ba=1.0 for long-term tests

"% 3- Compute the moment magnification factor 8y, from the following equation |

assuming a value for P less than Pg:

p=—TM—->10 (Eq212) (1.6

| | 4 where Cm=1.0 becaué.e of equal end eccennicities and ¢1=1.0
B ‘4- Calculate the magmﬁed eccentncuy | em = ab (el + eo)

5- Plot the line ey/h on the chart (either Flg 7.4 for the short-term tests or Fig.7.5
for the lon g-term tests), at the intersection point of this line with the relevant
pfy/t‘c curve for column under conmderauon read the value of P/bhf'c, then

- calculate P
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6- lftheuevv P is the same as the one assumed, the process is over and P defines
the failure load PACT.

"' 7- If the new P is substantially different, go to stage (3) bearing in mind that it is
the basic eccentricity which will be modified.

Results are provided in Table 7.1 for short-term tests and in Table 7.2 for the

long-term tests.

7.3 Discussion N

~ All the statistical values for the rauos Ptesl/PBS and Pees/PACT are to be found in
Table 7.3. Both methods adopted in BS8110 and ACI318 have the advantages that they
are easy to use and are based on established concepts of analysis known to the designer.
However, neither provides a rational basis for instability failure because both are based -
on the matenal failure mode. Instablhty as proved by tesm occurs at relat1vely low strains
of the order 0.001-0. 002 well below the ultlmate stram capacuy 0.0035 in B88110 and

0 003 in ACI318

The section curvature at failure in BSSI 10is calculated from strains 0 0035 at the
extreme concrete compression fibre and 0.002 tensile strain in the steel. If a sinusoidal
deflected shape is assumed then the mid-height eccentricity will be given by the formula:

_BI_(E)ZKI, (taking h=1.1d [91]) (7 7)
Tlus1s roundcdto o : eu__' (le Kh o (EQ.7.1)

) The Code reduces the value of the deﬂecuon to allow for the conservatism 1mp11c1t
in the derlvatlon because usmg the balanced condmons overestimates the deflection as
the suffness away from the critical section is con31derably hlgher than nnphed by the
balanced curvature [52] Furthermore, for a sectlon w1th greater ax1al load than the
balanced value, the strain in the steel near the least compressed face will be less than the
y1e1d stram [91]. This leads to the ultimate curvature being less than that for a balanced '
sectron ThIS is allowed for by mtroducmg an empirical reduction factor K where as
| stated in the Code "1t will always be conservauve to assume that K=1.0".

. Itcanbe seen from Table 7.1 that the BSSllO approach can give results as high
as 32% above the experimental failure load; more acceptable answers are obtained if K is
always set as unity, rather than being reduced by iteration. Similar results were found by

- Beal [52] who argues that, at high‘load eccentric’ities, the yield strain 0.002 in the steel
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can be easily exceeded at failure resulting in an increase in the curvature beyond the value
assumed. In fact the balanced conditions used in producing Figs.7.1 and 7.2 based on
0.00265 yield strain in the steel and 0.0035 maximum compressive strain in the concrete

will give the followmg addmonal eccentncrty

1284( )th (based ond=0.8h) . (7.8)

* This formula w1ll glve results 56% hrgher than the formula apphed by the desrgn
method Eq (7 1) .

Tummg now to Table 7.2 for long-term results, the overall impression is that
BS8110 is extremely unsafe giving results higher than the test failure loads by up to 56%.

' Little improvement is achieved by setting K=1.0 and the results are still unconservative.

The reason for this is that BS8110 does not allow for long-term effects and recommends
a short-term failure strain in concrete of 0.0035, but due to creep the long-term failure
strain in concrete could reach a magnitude of 0.008-0.009. This was proved
experimentally by Riisch [96] who found that creep affects strain at failure in the same
| way as other values of strain. It has also been proved by Ferguson and Breen [83] who
' measured concrete compressive strains of 0.0082, 0.0088 and 0.0091 under sustained
load w1thout any real observable distress. This indicates the magmtude of the strains
attamable under sustamed load. Beal, in the discussion to his paper [52], raised this
matter as a serious error in BS8110 he pointed out that a failure strain of 0.008 rather
than 0. 0035 would approxrmately double the curvature and consequently double the'

addmonal moment

e Including the effect of creep in the same manner as in the proposed theory to
produce the modified BSSI 10 mteractlon diagrams shown in Fig.7.3, did not improve .
; the results On the contrary, the mean value of the ratlo Ptest/PBS (refer to Table 7.3)

| decreased from 0.82 to 0. 79‘ and the mmunum value from 0.64 10 0.61. The increase in

‘ strains due to creep results in hlgher stresses in the remforcement, wh1ch increases the

values of P/bhfcu and M/bhzfcu (compare Flg 7. 2 and 7. 3) Consequently hrgher values

are obtamed for PBS In addition the balanced conditions used i in this modlfied interaction

v dxagram are based on 0. 00265 yield su'am in steel and 0. 0105 maxtmum concrete

compressrve stram due to creep (q> taken as 2. 0) Such condmons y1eld the followmg
formula for the addmonal eccentncuy

e e 600( )ZK h o (7.9)

compared agam w1th eu 2000 ( )ZK h quoted for des1gn in BS8110 and used to obtain
PBS from F1g 7 3 Th1s value appears to be only 30% of the value the theory requlres for
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long-term loads. Bearing in mind that usually most of the load on concrete columns in
real structures is permanent, the long-term strain capacity 1s therefore very relevant to

design.

| Maisél and Beebj’ m their discussion to Beal’s paper [52], analysed a number of
pin-ended columns under short-term and sustained loads, using a computer program
initially developed by Cranston. The program is effectively a specialized non-linear finite
element program which gives a rigorous mathematical solution to the state of a reinforced
concrete column under a defined loading with defined material properties. The BS8110
parabolic-rectangular curve has been used for the concrete and a bilinear stress-strain
curve for the steel. The resuits are compared with those obtained using the graphical
method as originally proposed by Beal [52] and those obtained using the BS8110
approach. In all cases there was remarkable agreement between the program and the
graphical method in predicting the maximum loads. However, the BS8110 solution,
which gives the load under which the ultimate capacity of the section will be reached,
seems to underestimate the strength of the columns considered. This comparison
confirmed the accuracy of the graphical method in column capacity prediction and its
improvement over the BS8110 approach. | '

BS8110 does not account for initial imperfections; the arbitrary figure 0.05h for
the minimum eccentricity, which is essentially for construction tolerances, is considered
separately, i.e it is not added to the additional eccentricity.

1n conclyusio’n‘the BS8110 approach compares favourably with the short-term
_ tests, but it greatly overestimates the long-term failure loads, indicating that this method is
madequate for dcahn g with cases of structural instability. . :

‘ | " . ACI318 89 allows two procedures to evaluate slenderness effects in compression
members Wherever poss1ble the ACI building Code encourages the use of second-order -
frame analys1s which includes the effects of sway deflections on axial loads and moments
in frames. Generally, the moments from a second-order analysis are a better estimation of
the real motnents than those obtained by the moment magnification method which is
given as an alternative design procedure for columns with kL/r<100 Though th1s method
is based on strength calculation like BS8110, it was found to be conservattve because it

allows for stlffness effects upon the strength which is the case for slender columns.

“The average Piesi/PAcT for short-term tests (refer to Table 7.3) is 1.46 with a

- standard deviation of 20% The stiffness parameter Eclg included in EI expression to
define the critical load was ‘reduced by Sto apparently account for sttffness variations due
to crackmg and the non- hneanty of the concrete stress stram curve. However this factor |

' appears to be thh The factor ﬁd has been taken as zero. Mtrza and MacGregor ina
discussion to their paper [60] confirmed that in the case of slender columns with low end
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eccentricities, ACI gives conservative answers, while it is unconservative for the case of
slender columns with high end eccentricities. Their work was concerned with the
determination of the variability of short-term ultimate strength of slender remforced

concrete columns of rectangular shape.

: ‘The compan'son of ACI theory to long-term tests are given in Table 7.2. Despite
the fact that ACI recommends 0.003 as a maximum usable compressive strain for
concrete, it gives more conservative results than those for short-term tests because of the
further reductlon in the stiffness parameter EI, wh1ch is reduced by (1+Bg), where Bq is
the ratio of the maximum factored axial dead load to the maxxmum total factored axial
load This factor has been taken as umty to perform the companson with the long-term
tests. The average Pws(/PACI was 2.26 with a standard deviation of 0.23 (Table 7.3).
Ferguson and Breen [83] according to their findings (see page 156) pointed out the
inadequacy of the ACI Code procedure based on a maximum strain of 0.003 to predxct the
effect of sustained load. Rangan [2,62], when he compared ACI theory with his
analytlcal study of the strength of reinforced concrete slender columns under sustamed
loads, stated that the ACI method is significantly conservative for columns with larger
slenderness ratio and smaller eccentricity.”

MacGregor etal [65] compared the moment magnification method for 65 hinged
‘and restramed concrete columns and 36 hmged prestressed concrete columns, under
short-term and sustamed loads. They concluded that the approx1mate des:gn method 1s
more conservauve but less accurate for columns w1th kL’r greater than 100. ‘

* The expression: wc1 ] 0 043\/? used to calculate the modulus of elast1c1ty E, (for
concrete having w, value between 90-155 Ib per cu.ft) in the ACI method, was found to
give better correlation with experimental values than the corresponding BS8110
expression. As can be seen in Table 7.4, the values of E¢ given by BS8110 expression
5.5 Vfcy are higherlthan the experimental values by up to about 30%. The effect of
adopting the BS8110 expression for Eg in the proposed theory is examined and discussed

. in Chapter 5 (see 5.5). For normal weight concrete ACI318 offers another formula for E¢
as 4700 m which also agrees better with the experiments than the BS8110 formula. The
ACI318 expression for Ec=wc1-5 0.043vf; was also found by Goyal [33] to give
reasonable agreement with the mmal tangent modulus measured on the specimens.

7.4 Comparison ‘w‘ith other researchers

o To prov1de a general mdxcatlon of the va11d1ty and accuracy of the proposed
theory, compansons w1th other researchers tests have been carried out. There is now
cons1derab1e test data avatlable, espec1ally on full-scale columns havmg high slendemess
ratlos up to 80 A number of short and long-term tests have been selected. The results are
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presented in Tables 7.5 to 7.9. Summary of the statistical parameters obtained for the
ratio Piest/Piheory is given in Table 7.10. ‘ :

The major task in performing these comparisons was in preparing the load
eccentricity-curvature graphs which suit each individual author's tests. The COLUMNBS
PASCAL program prepared for short-term loads and COLMNBSL PASCAL program for
long-term loads (described in Chapter 3) were used to produce the data requlred to plot

the graphs.

~ Where individual authors have reported cylinder strengths, the cube strength has
been assumed to be 1.25 times these strengths. For long-term tests if authors did not
- report any information about creep, the 1970 CEB method [97] was used to predlct the

creep coefficient.

o In preparmg buckhng deﬂecuon curvature graphs, the BUCKDEF PASCAL
program (described in Chapter 3) was used to produce data relevant to the range of
slenderness ratios used by each author, considering the initial imperfections wherever

they are reported.

741 Comparison vvith Pancholi's 'tests‘

- Pancholi [29] tested axially loaded pin-ended reinforced concrete columns having
- slenderness ratios between 30 and 79, under short and long-term loading conditions. :
Details of these columns are given in Table 7.5. Thirty seven columns were cast for the
short-term programme, columns numbered 2, 3 and 7 were discarded because of
‘ unsatisfactory‘ casting, column 21 for test 17 was damaged during test, therefore it was
also discarded. Columns numbered 1, 4, 5 and 6 were pilot tests.

~ In preparing load eccentricity-curvature graphs, the actual materials’ properties
were used i.e fy equals 300 and 278 N/mm?2, %Ag 5.44 and 4.52. Values of foy were
chosen to cover the range of experimental figures. A value of d/h equal to 0.75 was used
~in the analysis. Taking account of these variables seven graphs were required. The initial
imperfecﬁons were reported not to exceed 2 rnm; this was converted to an eccentricity eg
with relation to the column length. An average value for eg of 4.437x104L was included
in the buckling deflection-curvature graph. Results of the compansons are provrded in
Tables 7. S(a) to 7 5(c).. EERCEOPR : EN ‘

| The values of Ptes[/P[heory varied between 0 72 and 1. 20 with a mean value of
- 0.89 and standard deviation of 0. 13. In obtaining these values the pilot tests were
~ excluded because the values of failure load are suspect. Pancholi in calculating his

statistical parameters, in addition to excluding the pilot tests, also discarded columns 11,
13 and 25. It was noticed from the table that column 14, which was similar to column 13,
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actually failed at a lower load, though it had higher concrete strength than column 13. No
explanation was offered by the author. The same thing was noticed for columns 15 and
17, columns 22, 24 and 25 and columns 40 and 42. '

With regard to E¢ values, those which are given by the BS8110 expression
adopted in the theory, were compared by the author with the experimental values obtained
by Pancholi using 150x300 mm cylinders. Again the BS8110 expression gave higher

- results by up to 40%. This might justify the low PtesJPmeory ratios in Table 7.5.

3 To compare w1th Pancholz s long term tests, eight load eccentncrty-curvature
graphs were requxred Nine columns were tested under long-term loading conditions.
Columns 5 6 and 8 were excluded because they have been used previously for
short-term tests The creep coefficients used in the analysis of the remaining columns, as
est1mated using the 1970 CEB method [97], were 1.4 for columns 10 and 12, and 2 for |
columns 16, 23, 31 and 39. A value of 0.75 was used for d/h.

The loads reported for columns 16 and 39 for tests number 12C and 35C are the
sustamed loads therefore they cannot be cons1dered in the companson Column 16 was
taken out of the rig to allow for further tests w1thout failing it, while column 39 was

‘ tested at the end of the programme and was still under Ioad by the time the work

was completed The failure load of column 31 (test 34C) is doubtful, as there is a discrepancy

" in the thesis between the values reported in a table and those shown in a figure for the

load and its duration. Piesy/Piheory for the remaining columns 10, 12 and 23 were found to

be 1.12, 1.33 and 0.71 respectively. No reason is apparent why the last value does not

- follow the same pattern, parucularly as the proposed theory was found to be generally
conservative for long-term analysrs o ' ‘

, These uncertalntles make the hkehhood of expenmental error quite high and
Pancholz s long term work was not considered reliable enough to merit further

consideration.

- 7.4.2 Comparison with Dracos's tests -

A total of thirty six eccentrically pin-ended slender reinforced concrete columns
were r'eported [5] as tested under short-term loading conditions. Details of these are to be
found in Table 7.6. To generate load eccentricity-curvature graphs the actual matenals
\properues were used A value of 0. 75 was used for d/h in the analysrs

"In order to minimise the number of graphs requ1red the average values of fy given
by the author were used; these were 289 N/mm2 for the range 273-315 N/mm? and 407
N/mm? for the range 395-410 N/mm?2. The reinforcement used throughout the
investigation was mild steel bars having average value of Eg equal to 200 kN/mm?2. To
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provide coverage for all the experimental values, seven graphs were required.
Out-of-straightness, reported by the author not to exceed 2 mm, was expressed in terms
of column length as eg=4.74x10-4L, this eccentricity was then used in producing the
buckling deflection-curvature graph. -

Remarkable correlation between the proposed theory and the experiments can be
seen from Table 7. 6. The mean value of Piesy/Piheory was 0.98 with a standard deviation
of 0.09. These figures agree closely with the author’s values. The minimum Presy/Ptheory
was 0.83 compared with Dracos’s value of 0.78. It is of interest to note that the Dracos .
‘ theory involves an iterative computer process for the solution of curvature, deflection and
position of neutral axis along the full length of a column. When the speed and simplicity
R of the proposed theory based on graphical analysis is considered, th1s suggests its

potenual is significant.

The assumptlon of using only two values for fy (289 and 407 N)/mmz) in the
analys1s, results in overest1mat10n of the carrying capacity of columns having an actual
value of fy less than the one assumed Consequently the ratio Pesy/Ptheory for these
columns will decrease. Good agreement was noticed, when the values of static modulus.

- of elast1c1ty obtamed experimentally by Dracos using 150x300 mm cylinders, were

: compared by the author with those employed in the proposed theory using the BS8110

v "

- expression. |

Dracos tested four columns under vanable sustamed stress levels, for perxods o
rangmg between 509 and 625 days No information was reported about the creep during
these loading periods; therefore the 1970 CEB method [97] was employed to estimate the
creep coefficient from the data available. Table 7.7 provides details of these columns. .
: Columns C3 and C4 failed upon the application of the last incremental load, while
) columns Cl and C2 did not fail by the end of the investigation and as such the sustained
load was instantaneously increased to failure. ' '

An average value for the creep coefficient of 1.4 was used in the analysis of ..
columns C1, C3 and C4 and 2 value of 1.0 was used for column C2. Con51denng the’
number of vanables 1nvolved s1x load eccenmcny—curvature graphs were prepared

Values of Ptest/PmeOry are to be found in Table 7.7. In general these values are
less than one, Wthh may be attnbuted to the approximate estimation of the creep
coefficient. Iti is hkely that this has affected the theoretical predlcuon as shown in Chapter
6 (refer to Table 6 7) At such low values of creep coefficient (within the range 1t02. 5) |
“the mfluence of ¢ is more consrderable on Ptheory than at hlgher values (greater than 2. 5).
P[es‘/Pmeory for column C3 does not follow the trend the author mentioned that this
column failed at an unusually high load. He believed that the loading plates slipped during
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one of the i mcrements, asa consequence the ongmal apphed load eccentncrty may have
been rcduced. ) | | R

7.4.3 Comparison with the Ramu et al tests

Ramu et al [32] tested thirty one eccentncally loaded pln-ended columns under
sustained loads. For twelve columns the sustained load was increased stepwrse in a final
short-term test at the end of the loading penod while nineteen columns were left under
load untrl fzulure occurred. These tests were performed in four groups; the vanables
studled were the cccentncxty of load the percentage of remforcement the age at ﬁrst
loadmg and the slendemess of the columns. Details of these groups are prov1ded in Table
7.8. A value of 2.0 was chosen for the creep coefficient, as measured by the authors, |
producmg load eccentncny-curvature graphs Ten graphs were requlred to cover the
variables involved. The initial imperfection was taken as zero when producmg the

bucklmg deflection-curvature graph.

; i Two columns numbered 55 and 56 were excluded fmm the companson because
‘ of an unsymmetncal d1str1but10n of remforcement. As explamed in Chapter 3the program
avallable apphes to equal steel areas atboth faces of the section. Thls leaves twenty nine
columns for companson Columns 81, 44, 15, 16, 55, 65 and 66 were excluded by the
authors without giving any reasons, therefore they are considered here. Accordin g to the
BS8110 clas51ﬁcat10n, column 74 is a short column (le/h=14.4); however, the proposed
theory is capable of predicting the capacity of the column of any slenderness rauo

The results are shown in Table 7.8. In general the theory appears to be
‘conservauve in predxctmg the long—term failure loads; the mean value of Pwst/Pmeory is’
51 17 w1th a standard dev1at10n of 0. 14 e '

744 Compansonwnth Gayal 's ‘tests B
As menuoned in Chapter 6 (see 6 6) Goyal [33] mvesugated the behavrour of
‘ twenty pm—ended eccentncally loaded columns subJected to sustamed load fora penod of

“s1x months and then to an increasing load, under short-term loadmg condltlons, until
fallure occurred. Detarls of these columns are prov1ded in Table 7 9

| F1ve load eccenmcuy-curvature graphs were required to cany out the comparison.
A creep coefﬁment of 2.4 was used in the analys1s as measured experimentally. The initial

g ‘1mperfectxons were not measured and a zero value was assumed in producing the

buckling deflection-curvature graph. Results of the comparison are given in Table 7.9.

CHAPTER 7



163

Reasonable agreement can be seen from the table between the predicted failure
loads using the proposed theory and the experimental results. The average value for the
ratio Prey/Pheory is 1.15 with a standard deviation of 0.07.

Columns O, P and Q were reported by the author to have been inadvertently
sprinkled with water a few times during laboratory cleaning while stored in the
laboratoi'y. Therefore, Goyal believes that it is quite likely the concrete strength of
these columns had increased. The control specimens which were not sprinkled with water
showed no significant change in concrete strength. Column D which was under sustained
load of 40 percent of the ultimate short-term capacity, failed at a lower load than the
corresponding column C which was under 60% of the ultimate short-term capacity. The
author justifies this by the possibility of a slight increase in the end eccentricity of column
D over that intended, though he could not detect this by direct measurement.

The comparison with the Goyal tests was repeated assuming two different values
for the initial imperfection: 5.68x10-L and 1.136x10-3L. The mean value for the ratio
Piest/Ptheory in the first case was 1.18 with a standard deviation of 0.075, while in the
second case the mean was 1.21 and the standard deviation 0.08. It appears that the
influence of the initial imperfection is insignificant inainly because the slenderness ratios
were not very high and the load was applied at relatively high eccentricities.

7.5 Conclusions

1- The proposed analytical theory closely estimates the failure loads obtained from
the tests carried out under the present investigation on nineteen eccentrically loaded
hinged reinforced concrete columns having slenderness ratios between 18 and 63, under
both short-term and sustained loads (Tables 7.1 and 7.2), with reasonable safety margins
in predicting the long-term capacity giving a mean of 1.26 for the ratio Piesi/Piheory
| compared with 0.82 and 2.26 given by BS8110 and ACI318 respectively (Table 7.3).

2- The additional moment approach adbpted in BS8110 gives a reasonable
estimate of the short-term ultimate Capacity of a slender column (Table 7.1), while it
provides an upper bound solution to the long-term instability problem (Table 7.2). The
- design method is based on strength calculation, while the maximum load depends on

~ stiffness upon which creep has a major influence. No allowance has been made for such

effects in BS8110 resulting in an overestimation of the slender column long-term
._capacity. Hence, revisions to the British standard method regarding slender column
design should be made. |
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3- The design method in the ACI318 Code based on the moment magnification
approach gives a lower bound estimate of the slender column carrying capacity because
of the nature of the EI expression (T ables 7.1,7.2 and 7.3).

- 4- Through a senes of comparisons covering a wide range of expenments on
columns with dlfferent slenderness ratios under both short and long-term loads, the
accuracy of the proposed theory based on graphical analys1s has been further established.
Investlgaung the statistical figures given in Tables 7.5 to 7.9 and summarized in Table
7.10, it is possible to see the potenual usefulnéss in thls accurate and simple prediction of
column capacity thhout mvolvmg compucated numerical calculations. Individual
short-term and long-term ratios (Peest/Piheory) deviated from 1.0. Discrepancies are
attnbuted to uncertamtles over test details, espec1a11y those related to the properties of the
materials used and to the assumptlons made in the theory in the process of performmg the
compansons (i.e values assumed for fy, d/h Ec ¢ and eo)
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Table 7.3 : Summary of Tables 7.1 and 7.2.
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+ 319

1208 -
334

0.89 -
0.80"

108
0.99

1.16

1.05 |

C8

. 359

- 332

0.83

1.01.

~|cio]

..432

... 355

. 33.0 .

0.81 .

0.98

1.05 .

lc12

+40.1

325

30.7

0.88

1.09

1.15

ec13] .

bee39.6.00

324

1303 -

0.84 -

-1.02-

1.10

Ci15

1 45.0

37.0

34.4

0.80

0.98

1.05

|cis] -

eritons B3 Q) e e

0.81"

'1.00

1.06 |

{C20

© * Eg¢ values correspond to the -
; i . o

- 140.9

' time of testing the column.
. "‘.‘? ‘ ‘ e : ;

H
S

¢+ | Coefficient of variation

334

31.2

Minimum ratio

0.84:
0.76

1.02

0.94

1.10

0.97

Maximum ratio

0.89

1.09

1.16

Mean

0.82

'1.00

1.07

Standard deviation

0.04

0.05

0.06

o |488%

5.00%

5.61%

Number of tests -

190

1.09 |



" Table 7.5() : Comparison with Pancholi’s short-term tests.

Col.

. Test.

(mm)

n

| am

(om) |

%As |

fy

feu

(N/mm?2)

ei/h

o

Prest
(kN)

Ptheory * theory
Pancholi “ (kN)

Ptheory

76 | 077

5.44

(N/mm2)

300

573

279 -

41.9

Pilot-test “ ..29.2

143

- Unsatisfactory cast - discarded - - -

“ - | Unsatisfactory cast - discarded - =

348 | .

19,

_15.0

Pilot-test “ 236

0.64

100

100

0.74

452

1%

T13*

14

76

16

077

5.44

i 278 e LT e E e D

300
|-a48-

361

60.04

64.6

Pilot-zeﬂr 11.0.

- 091

17493

60.04

48.8°

Pilot-test u “79.6 -

~0.61 -

" Unsatisfactory cast - discarded =~~~ -

44.3

60.04

72.7

18 | 713

094

44.9

60.04

72.2

120 | 780

- 093

43.1

60.04

44.8

- Creep test

-47.2

.79 .

189 | ...

... = Creeptest

179 -

-319 |-

1.46 -} .- 269 -

~1.19 .

516 |

=719

219 |

0.98 - 28.8 -

0.76 -

15

76

76

0.77

5.44

300

520

60.13

359

093 .

4950 |

0.73

691



. Table 7.5(b) : ”Cdihpéfisbn with fdnb)zb}i}b short-term tests.

ggnd , , e ] Pineory fP"?°°”‘
Noo | No V) [y | | |oVmm?)|®mmd] | | 0N | Pancholi | (avy. | Piheory
el e b e o570 0| 6013 | . Creeptest ... .
17 | 13| 16 | 76 [ 077|544 ] 300 | 452 | o0 |60.13] 399 \._A1.04;..,.‘“;46.o~ 087
b o e st oo 60.13 ] 39.9 | 099 | 492 | 0.81 |
o s 1 T T -1 Taral-0 1 6 [319] 092 306 | os1.
~20-| 16 | 76 | 76 | 077 | 5.44 | 300 | 512 65319 | 113 “ 405 | 094
EPTE T ‘ |-t - Damaged during test- discarded < -
' S R T 323 65 ] 319
i ~ 436 | 70.00
23|22 | 76 | 76 | 077 | 544 | 300 | 466 | 70.00
el b 0 | a0 |0 |7000] 259 ] 090 | 332 | o8
25| 20 70.09 142 317 |
26 21 | , : o 75 1199 | 217
27 | 23| 16 | 76 | 077 | 544 300 | 426 {0 | 75 [ 219 096 | 281 | o078
28 | 24 | 11 40.3 175 [ 219 ] 092 || 215 | os0
2 | 25 | | 1 [ 08 5013 ] 538 | 102 | 607 | 0.9
30 | 26 | 76 | 76 | 077 [ 5.44 | 300 | 37.3 15013 | 518 | 100 | 590 | 0.8
31 | 34c | S 1| 380 50131 " Creeptest

ol | Test | b | n | am | A £y | fu | em | lh | Peg | T “

O

ololoflo|lecleflo|c lelele

0oLl



~ Table 7.5(c) : Comparison with Pancholi’s shori-term tests.

| Test
| No. |

S b| he| dme

(mm)

%Ag

__,:_ fy 47 [
(N/mm2)

oy

(N/mm2)

éeiﬁl R ]e/h“ P test
S B : (kN)

Ptheory -
Pancholi -

B VY] BV I

-0.77°] 5.44-

426

- |-50.13 |- 59.8

33 28
~ 341 29 |
|30 -

100

0.74.

as |

--300
402 -
3| 353
390 | -

—

897-| -

- 1.13
1.13 -

i 62.6 ; .

0.96 -

-0.90

150|717

~0.92

[ oss

- 0.76

~1250 -

1.06

YR

=36 31 |
237 | 32 | 100
38 | 33 |
” | 35C -

100

0.74

1= 415 |

Nt 40 | 115~

857}

~0.97

[ 150

- 0.87.
- 077 -

|-46.7 -

120 -1 - :

0.93

0.75 -

- 0.97. -

152

-42.8

S40 | 120

36 |
41| 37 | 100
42 137 10 :
. ;Tgsts‘ excluded by the author

074 | 4.52

278

3 W B

o
e —

“ " Creentest .

- 0.79 -

1-30.-} 189

. 0.84

|| o4 -

- 0.84 .

458 |

3 219 .

- 0.94

230

-0.92 .

= ]..38.8

0
0
0
0
0
0| -40-
0
0
0
0

219 .|

- 0.84

0.99

|A‘m6»

o072

1.01 -

- | Maximumratio -~ -

~-1.20

Mean - -

~1.00

4 - 0.89°

" | Standard deviation

0.10

1 013

7| Coefficient of variation -

10.0% |

Number of tests -

S 14.6% -

126

L_=»_

TLL



: ,,‘Table' 7.6(a) : }C(ﬂ)rmpari'isdn with Dracos's 'short;fei-m tests.

Tet | b | n @A | £y feu eh | lh | Peg ;Pl;eo,y,, Pheory | Prest
No. | (mm) | (mm | ovmm?) | @uma?) N) | Dracos | () | Funeory
st || - 313 446 | 0.096 | 289 | 160 | 099 163 | 0.98
52 . 315 459 | 0144 | 289 | 128 | 099 | 1310 | 098
s3 | 104 | 104 | 073 [ 420 | 277 404 | 009 | 289 | 155 | 102 | 156 | 099
s4 | - 282 412 | 0144 | 289 | 128 | 103 § 124 | 103
S5 278 | 401 | 0096 | 289 | 174 | 110 || 156 | 112
S6 280 | 430 [o0144 | 289 | us [ o091 | 127 [ o093
s7 280 406 | 0144 | 385 | e | 087 \} 79 | 0386
S8 280 423 | 0096 | 385 | 98 [ 098 101 | 097
59 | 104 | 104 | 073 | 420 | 280 449 | 0144 [ 385 | 78 | 0098 “ 82 0.95
510 | 293 372 | 009 | 385 | 84 | o0.82 949 | 0.89
s11 293 | 387 |o144 [ 385 | s | 103 | 774 | 106
s12 292 | 445 o096 | 385 | 107 | 097 | 103 | 104
s13 283 | 367 |o01a4a | 481 | 45 | o090 | s08 [ o089
S14 315 397 {009 | 481 | s4 | o082 | 647 | 083
515 | 104 | 104 | 073 | 420 | 300 | 335 | 0096 | 481 | 66 | 097 “59.7 L1
S16 293 | 361 | 0144 | 481 | 520 | 100 f 505 | 1.03
S17 300 | 43.0 | 009 | 481 | 56 | 0.85 ll‘“67.4f‘f 0.83

TL



'»I‘a/blei 7.6(b) 0 Comp:irisbn ‘with Dracos’s short-term tests.

e | ~ | 1 ] LPes -

Test |- b | h dh | %As | fy feu ei/h Jh | ‘Pest | Pmeory || Ptheory | _Prest_
No. | om) | om) | Nfmm2) | (N/mm?) 1w Dracos] (N) | Pheory
s18 | 104 | 104 | 073 ] 420 | 300 | 408 | 0144 | 481 | 52 | 096 | 532 | o098
sio || | 280 | 404 | 0096 | 577 | 44 088 | 465 | 095
520 g 282 | 413 [-0144-| 577 | 36 | 095 u 365 | 0.99
521 275 | 401 | 0096 | 5727 | 4 088 | 462 | 091
s22 | 275 | 403 | 0144 | 577 30 083 | 361 | 083
523 | 104 | 104 | 073 | 420 | 278 | 422 | 0.096 | 577 39 078 || 472 | o083
s24 | | 280 | 401 | 0144 | 577 | 34 | 09 [ 359 | o095
$25 282 | 269 | 0144 | 577 | 36 113 | 325 | 1n
526 213 | 258 | o014a | 577 | 30 1.00 [ 322 | 093
527 | 207 | 246 | 0144 | 5717 | 30 .00 | '

ss | [ [ 304 | 253 | 0144 | 481 | 414 | 100 | 438 | 100
520 | 104 | 104 | 073 | 420 | 200 | 273 | 0144 | 481 | a0 | 095 | 452 | oss
sso | || 300 | 296 | 0144 | 481 | 48 | 104 | 467 [ 103
31 > 405 280 | 0147 | 392 | -67 | 1.08 II 62.8 1.07
532 | 102 | 102 | 074 | 434 | 410 | 268 | 0147 | 392 | 0 | 097 | 615 | o098
$33 NE 410 | 203 | 0147 | 392 | 60 | 094 | 640 | 004
s34 | 102 | 102 074 | 434 | 410 | 315 | 0147 | 204 | 15 | o1 [ | o114

ELL



=  Table 7.6(c) : C‘o/rhp;érison ‘with Dracos’s shafti:tefmitests.

| Test

No, -

(mm)

5

i fou £

(N/mmZ)

b

P test

Ny

~—Prx
Piheory

Dracos

Ptheory

S35

836 | ¢

102

d/h
0.74

4.34

memﬂ)
. -395.

34.2

-0.147

294

- 106 -

0.98

1.00

410

- 21.5

- 294

-0.147

108

II.' 'ﬁ[ﬁraﬁ(), T e T e e

113
0.78 -

. 083

1.14

Maximumratio =~ 0

113

S L14

Mean -

- 0.97

-0.98 -

Standard deviation ..~ _ . |-

-0.09 ...

- 009

Coefficient of variation -

9.28%

. 918%

36

Number

oftests

36

Table 77 :'Compafison wi@h Dracbs's.lohg-term tests.

“Test |-~

No.‘

%Ag

£,

feu
(N/mm2)

c,/h

;TPwﬂf?
T (kN)

Pest [
= (kN) -

P thegx;yz
Dracos -

C1

C2

C3

0.73

4.20

éﬂﬁm@%
=300

38.9

10.096

385"

547

'1.05

62.6

0.87

414

36.4

0.144

385

" 586

127

59.5

0.98

355

34.6

0.096

48.1

= 51.1 -

1.55

~ 38.9

1.31

C4 I B

278

37.2

0.144 |

48.1" | -

34.4 e

1.07 h

359 |

0.96

bLI



| e Tabrlké’ 7.8(a) : COniphrison with Ramu's lbhg-term tests.

Gr bol.’ Lc>é1dikng’r b h‘:' d/h ‘%As- le/h | fy far | &/ to"'* Sufﬁé‘ed Prest Pthggry _P&gs;_
No.1 | (mm) | (mm) (N/mm?2)|(N/mm?2) day] v | v | wn | Y

61 | L 227 |000| 28 | 659 | 659 | 520 | 127
g1x | L 385 |000[ 28 | 612 | 612 | 489 | 125
la| v 313 {0033] 28 | 416 | 416 | 359 | 116
4| L 32.4 [0.033] 28 | 435 | 435 | 364 | 120 -
ar | L 268 [0.033] 28 | 436 | 436 | 334 | 131
51 | Ls s44 10033) 28 | 438 | s00 | 463 | 1.08

1| Ls | 382 [0100{ 28 | 151 | 389 | 278 | 140

1 {12 | L-s |250 | 150 |0.83 | 168|289 | 452 | 417 [o100] 28 | 234 | 205 | 287 | 103
i3] L L | a2 foroof 28 | 3 | 3 | 268 | 116
15% [ L 1360|0100 28 | 349 | 349 | 2713 | 128
16% |- L 273 |0.100[ 28 | 330 | 330 | 247 | 134
2| Ls 34.8 [0.100] 28 | 266 | “308 - l} 270 | 114
2| L 359 |0250| 28| 189 | 189 | 191 | 099"
23| Ls 36.6 [0.250] 28| ‘140 | 185 | 192 | 096 -
25 | Ls - 293-[0.250{ 28 | 164 | 194 | 178 | 1.0

SLI



Table 7.8(b) :

'Comparison with Ramu's long-term tests.

. |Loadingt

%A,

N/mm?)|(N/men?)|

A

o

io“

days)

Suétéi;ied
- load -
- (kN)

Piest

(kN)

P theory

(N

Prest
~ Pheory -

1.68

28.9

544

0.25

28

189

224

178

1.26

358

1.00

28

70—

|

85.5°

S 0.91 e

1.00

28

{73

85.1

7098

S55*

56-

250

63|

150"

0.83

4.30

28.9.

518

|

395

0.033

28

R

435 “ Unsymmetrical steel

455

0.250

28

187 |

Unsymnemcal steel

-39.1

0.00

28 |

775

715

692

- L12

33.0

0.033

643 -

643

| 538

“1.20

494

0.250

28

192 -

351

,2 ‘

373

1 097

54

250

62

65*

A

66*

250

0.83

0.80

1.68

170

28.9

43.3

452

452

d ]

42.0

0.033

16 | -

440

1.09

45.0

30.5

0.033

0.05

56

28

437
496

159

1.18

%

1.46

40.0

0.05

28

140

140 ||

1,16

45.0

0.05

28

103

178 |

1.42

2310

0.375

28

67 -

7|

524

- 1.28

oLl



Table 7 8(c)

Companson wnth Ramu s long-term tests

Gr.

Col.‘_
N 0.

: d/h

%A;

Ih |
S |N/mm?)

oty |

fcl:

N/mm2)|

"k

to*
(days)

Sustained|
load -

Piheory

e
Ny | Y

72

74

0.80

1.70

433

0.83

T The load clasmﬁcanons are as follows: -

1.68

L Long-tcrm load mamtamed to fa11ure

L-S = Long—tcrm load followed by short—tcrm test to fallure

% Tests excluded by the authors

e to age at first loadmg

14.4

452

39.8

10375

C(N) |

549

113

- 40.6 ' |0.

| 877

- 1.05 _
091 .

_1.46

o117

Standard deviation . _ . .

. 014 .

| Coefficient of variation

- 12.0% .- -

Number of tcsts

LLY



.

 Table 7.9(a) : "Combél’ﬁson;mt’h Goyal's ldng-term tests. "

e

(mm)

%As |
R [0

fy

- fe

(N/;;;nz)

Sustained

oy

% of ult, _
short-term

Prest

Ny

~Goyal

Prest_

Pest_ [ p
Pheory |- "V

@)

~|=la|=|m|o|o|=|>

I{zzrﬂu

o

76.2 | 0.83

2.44

352

1 :33.6

050

.24

199 .

320

099

0292

- 109 .

_ 336 .

0.50

24

133

2323

097

292

- LI

- 36.6

0.333

.24

267 |

60

.429

.0.96

38.2

1.12.

- 36.6

0.333 _

.24

178

40

404

.0.88 _

_38.2

.1.06

- 38.4

0.167

24

400

60

594

101 || 525

2113

384

0167

24

267 |

40

593

091 || 525

113

39.1

0.250

24

334

50.0

101 || 448

112

39.1

0.250

24

22|

40

49.8

095 || 448

111

76.2 | 0.83

1.70

1.70

310

310

397

0.167

24

2360

60

443

098

442

“1.00

39.7

0.167

24

240 |

40

582

105

442

132

40.5 -

0.250

24

; :'j 27.9_’ B

st 60 Gy lex

409

104 || 364

112

40.5

0.250

24

18.6 1 |

40

43.8

1.01 || 364

- 1.20

40.1

0.333

24

22.2

60

- 36.4

1.08 30.5

1.19

40.1

-41.3

0.333

24

14.8

40

36.0

1.00 30.5

1.18

1.27

0.167 | 16 494 | 60 | 89.2 1.26 H 70.0

8L1



' " Table 7.9(b) "t”Con’lbaris'or‘l 'Wikth Goyal'slong-term t;sts.

Col.| b=

fy

fou

(N/mm?)| (N/mm?)

ei/h

le/h

C&N)

load -

Sustained | % of ult.
: short-term

Prest

Go&al

Pineory

(kN)

P
Q
R | 762
T

0.83

1.70

e —————

310

41.3

0.250

16

. 387

60

56.2

1.19

33.6

0.333

16

-30.7 -

“60 -

1.15 IL
1.13

42.5

‘1.18

37.5

0.167

36

60 |

094~

22.1

-1.09

36.5

0.250

36

- 140 -

60

0.94

19.0

‘1.14

36.2

0.333

==J-_—_—-_..==

36

11.7 -
Minimum ratio

: (60 -
.———#—_—_—=—_=a=

0.9_9_1

0.88 - °

16.5

- 1.00

1.19

Maximum ratio

126 |

132

Mean

o1 |

- 115

Standard deviation =

0089 ||

+0.07

Coefficient of variation

8.81% |

16.09%

Number of tests

20 |

20

6L1
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Table 7.10 : Summary of Tables 7.5 to 7.9 for Ptest/Ptheory” -

k Stzitisﬁpal parameter Short-term tests Long-term tests
Minizmum ratio 672 0.87
Maximum ratio 1.20‘_“ 1.46
Mean 0.94 1.15
Standard deviation 0.12 0. !3
C?cfﬁcient of variation 12.8% 11.3%
Number of tests 65 53

o Pwst = cxpenmcntal bucklmg Ioad obtained by other rescarchers

Pmeory thcomucal buckhng load obtained by the proposed thcory

E i
o o
i
i i
i
o
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;
W i
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;
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i
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Fig.7.1 BS8110 interaction diagram for comparison with the short-term tests.

18T



Fig.7.2 BS8110 interaction diagram for comparison with the long-term tests

¢81



Fig.7.3 Modified BS8110 interaction diagram for comparison with the long-term tests.

€81
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M/bhZ'c

Fig.7.4 ACI interaction diagram for comparison with the
short-term tests.
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Fig.7.5 ACI interaction diagram for comparison with the
long-term tests.
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CHAPTER EIGHT

~ CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

- 8.1 . Introduction . -
This research was carried out with the purpose of investigating the behaviour of
slender pin-ended reinforced concrete columns. The current methods for analysis and
design of such columns, as reviewed and discussed in Chapter 2, fall into two categories:
| simple but approximate and largely empirically-based methods (for example the methods .
recommended in codes of practice for general use) and computerized methods employing
second-order analysis which would normally prov1de better accuracy in predicting the
behaviour of slender columns; however, such methods are usually based on iterative
procedures, expensxve in compunng time and not readlly avaxlable to the desrgner

A srmple analyucal method, founded on Beal approach and based on a graph1ca1
techmque has been developed The proposed theory removes the need for lengthy,
comphcated numerical calculatxons, yet is accurate and simple to use once the necessary

graphs are prepared

, The method has been verified by intensive tests on nineteen full-scale remforced :
concrete columns with slenderness ratios between 18 and 63, loaded eccentrrcally under
short and long-term conditions. The method compares reasonably well with the results of
these tests and other data covering a wide range of columns. It also shows a significant
improvement over the design methods adopted in BS8110: 1985 and ACI318-89.

8.2 Summary of conclusions
-Detailed discussions and full coverage of the theoretical and experimental results
were presented in previous Chapters A brief summary of the 1nvest1gat10n and

conclusions i is given below:

| l- The proposed method enables rapid, accurate analysis of slender pin-ended
reinforced concrete columns, concemrically or eccentrically loaded. It takes account of the
non-linear properties of concrete and allows pI‘CdlCthﬂ of the column capacrty w1thout
iteration or resort to snnphﬁcatlon of section behav1our o ‘

CHAPTER 8
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2- The theory involves the transformation of standard graphs of moment against
curvature into graphs of load eccentricity versus curvature in terms of the capacity ratio
(P/Pg). A second set of graphs is requlred to relate section curvature to load eccentricity in
terms of the slenderness ratio (le/h) Once these graphs are prepared, itis strarghtforward
to determme section capacny Atthe point of 1nstab1hty, the total eccentncrty at m1d-he1ght
can also be easﬂy determmed (refer to Chapter 3) '

3- Programs of wide application have been developed for use in a main-frame
computer to generate the data and plot the graphs These are given in Appendnc A and
present no compatanonal d1fﬁc1.1t1es in terms of run urne or .,torage space. B

. 4- The stress-strain curve for concrete was modified to account for creep effects
under sustained load; thus the reduction in column capacity due to long-term loading can
be predlcted. |

' 5- Casting, handling and testing very slender reinforced concrete columns requ1re
specxal techniques and skills and present several difficulties. During the course of the
expenmental work, this resulted in the design and construction of a spec1a1 mould and
ngs to perform the tests as onglnally planned Precautlons were taken to ensure an

accurate standard in takmg measurements and tests uuhzed novel techmques (Chapter 4) '

, - 6- Comparisons with test results showed that the theoretlcal approach closely
estimated the short-term buckling loads and the value of mid-height eccentricity at the
point of mstablltty, but tended to be conservative in predlctmg the long-term capac1ty
(Tables 53 54 63 and 64)

+7- The expenmental results substantiated the fact that instability is the primary
failure criterion for slender columns. Material failure then follows, which for slenderness
ratios of 33 6 and above requues consrderable bendmg to occur. |

" 8- Instability failures occurred at relatlvely low concrete compressrve strains of the
orderofOOOlOOOZ(FrguresSZ 53and61) ' ST

N DA

9- The expenmental results substantlated the followmg assumpnons made in the
proposed theory

[

- Lmear stram dlStl’lbuthIl across the section (Figs.5.4 and 6 3)

”- The deﬂected shape of a pm ended column follows a sme curve as 1t
‘ buckles (Flgs 5. 6 and 6. 6 S

- Single curvature bending in X direction is valid, as bending in Y direction
was found to be negligible up to the point of instability.

CHAPTER 8
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Since the theory predicts the mid-height eccentricity at the point of instability,
using the sine curve formula enables the profile of the column to be obtained.

10- Initial imperfections are inevitable during column construction; this was
allowed for in the theory, in the form of an additional eccentricity at the column
mid-height and was expressed in terms of colurnn length. The results obtained

(Table 5.7) suggest that the value of the 1n1t1al 1mperfectlons, however small, should be
considered parucularly in the case of low end moments and high slendemness ratios.

11- chompara'tive study of the effects of the static modulus of elasticity of
concrete (Table 5.6) and the creep coefficient (Table 6.7) on the theoretical results,
emphasised their influence. It confirmed that the reduction in E¢ value due to creep should

be allowed for in lon g-term analys1s

‘ 12— For sustamed loads equal to 60% of the short-term ultrmate capacity, a
cons1derab1e reductron in column short-term strength may occur, which can be as high as

40% (T able 6.5).

1

| 13 For sustamed loads equal to 60% of the short-term ultimate capacity, the
lateral deflection at the column mid-height, can typically reach a magnitude of about 4
' times the value on initial loading (Figures 6.4(a), 6.5(a) and 6.6(2)); thus reflecting the
size of secondary moments attamable in slender columns due to creep

+14- The desrgn method adopted in B88110 employrng the additional moment
concept was found to be unsafe in predlctlng the long term buckling loads of the
columns tested (Tables 7.2 and 7. 3). This is due to the fact that the BS8110 approach is
based on strength calculations, which are almost irrelevant for slender columns (see 7 and
8 above), and does not allow for the reduction in column stiffness due to creep.

15- The conservative nature of the ACI318 recommendatlons for columns with
small end eccentricities was demonstrated when compared with the experimental buckling
' loads obtained in this investigation, for short and long term tests (Tables 7.1, 7.2 and
7.3). However as concluded by other investigators [60], the ACI318 procedure
produces unconservanve results for slender columns subjected to high end eccentrrcrtres

16- There is no distinction in the graphrcal analysis between short and slender
columns. For all slenderness ratios, capacity reduction factors can be obtained, which are
sensible and reahstrc This is in contrast to Codes of Practrce, where a clear demarcatron
s specrﬁed between the two types of column giving a sharp decrease in strength at the
boundary value for slendemess
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o 17 The accuracy of the proposed approach is further conﬁrmed when apphed to a
w1de range of columns tested by other mveshgators (Table 7.10).

8.3 Suggestions for future work
In terms of the objective of developing a viable design tool for slender reinforced
concrete columns, the basic steps have been established and their accuracy and validity

are confirmed analyucally and expenmcntally The rollowmg areas of work are
recommended for future investigation to fully achieve this aim:

1- The ‘vyariab‘ility of thc ‘Capacity r.educti'on‘factor (P/Po) due to the following
parameters: fcy, fy, %As, €0, €i and ¢.

2- The behaviour of reinforced concrete columns with different reinforcement
layouts, need to be analysed to see how this affects the reduction in capacity.

3- Different loading patterns (i.e size and sign of end eccentricities) need to be
considered in the extended analysis.

4- The behaviour of reinforced concrete columns with different cross-section

shapes, in particular, circular columns.

| 5- The method so far deals with bending about one axis, which is the normal
design situation, however, the case of biaxial bending requires investigation. :

6- Computerizing the graph overlay process for capacity prediction of slender

columns.

7- The scope of the method could be further widened to deal with various types of
B compression members such as slender concrete deep beams, plain and lightly reinforced
3 concrcte walls, brickwork walls and structures with solid steel sections.

‘ 8 In view of the capacity reduction due to sustained loads and the hrmted number
of tests carried out to date, particularly on full-scale columns under long-term loading
~ conditions, further tests are essential to provide data on the role of creep in reducing the

long-term capacity.

9- The behaviour of slender reinforced concrete columns as frame members with
attention to moment redistribution at column ends. Experimental work on this type of
column would be of considerable importance. '

10- The adequacy of a proposed cross-section can be directly checked against
failure using the present analytical method. Future work is expected to yield capacity
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reduction factors for general design purposes, perhaps as a function of fcy, le/h, %Ag and
ei. As a guideline for the design of slender reinforced pin-ended columns, these reduction
factors can be applied to the load and moment obtained from first order elastic analysis to

determine the requlred area of reinforcement using interaction diagmms.
11- More information is required on:
“ - Creep un;der tension and in bcndmg o
- - Effecf of reixiforc;emcnt on ;ime«dc;)endent deformations.

... - Size of initial imperfections which occur in practice.
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APPENDIX A

e o COMPUTER PROGRAMS

PROGRAM COLUMNBS(PRT1, PRT2, DATAFILE, INFILE, OUTPUT);
LABEL 1000 ;
TYPE |
DATAARRAY = ARRAY[1..35,1..41] OF REAL ;
" VECTOR = ARRAY[1.35] OFREAL; =

‘SINGLECASE RECORD
' 'EPSILON : DATAARRAY ;
SIGMA' -: DATAARRAY ;

" EPSILONS : DATAARRAY ;

" SFORCE  : DATAARRAY ;-

" MCONC :VECTOR;

WRITELN(PRT2,/CONCSTRENGTH = "CONCSTRENGTH:5:1 MIN NEUTRAL AXIS =
NEUTRALAXIS:3; YIELD STRESS = YIELDSTRESS:6:1) ;
WRITELN(PRT2, | B
" PERCENTAGE STEEL AREA = 'STEELAREA:4:1; FACTOR OF SAFETY' .
' ! OF CONCRETE = ",GAMMAMC:5:2,' FACTOR OF SAFETY OF STEEL =",

- GAMMAMS:5:2, EFFECTIVE DEPTH RATIO =" DRATIO:5:3);
. WRITELN(DATAFILE,CONCSTRENGTH:S:2,' \NEUTRALAXIS:3, ",
it YIELDSTRESS:6:1,' " STEELAREA:5:3," |, DRATIO:5:3," "

 GAMMAMC:52, \GAMMAMS:5:2);

. END: RN U T I A S ST ol B EUR AL I AT P e ey e

PROCEDURE STRAIN(VAR STRAIN: DATAARRAY; NEUTRALAXIS:
T | INTEGER);

VAR 4!
" STRAIN41,INTERVALS,I : INTEGER ;
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MAXSTRAIN : REAL ;

BEGIN ‘
INTERVALS:=41-NEUTRALAXIS ;
FOR STRAIN41:=1 TO 35 DO
BEGIN S

MAXSTRAIN:=STRAIN41/10 ;
+ FOR I'=1 TO 41 DO
. BEGIN
IF I<=NEUTRALAXIS THEN
STRAIN[STRAIN41,1}:=0

ELSE
" STRAIN[STRAIN41,1] :=(MAXSTRAIN/INTERVALS)*(I-NEUTRALAXIS) ;

PROCEDURE STRESS(VAR STRESS DATAARRAY; STRAIN: DATAARRAY;
VAR
 LY:INTEGER;
- MAXSIGMA MAXEPSILON: REAL ;
' BEGIN
'MAXSIGMA :=(FCU*(2/3))/GAMMAMC;
MAXEPSILON -024 * SQRT(FCU/GAMMAMC)
FORL=1TO35DO i+ lurdieidim i s
FOR J:=1 TO 41 DO
'+ BEGIN ‘
' IF STRAIN[LJ]=0 THEN STRESS[IJ}:=0 ELSE
" STRESS[IJ] := 5.5*STRAIN[LJI*(SQRT(FCU/GAMMAMC) - 2.08334*STRAIN[LJ]);
; IF (STRESS[LJ]>MAXSIGMA) OR (S'IRAIN[I,J]>MAXEPSILON) THEN
. STRESS[LJ:=MAXSIGMA; - :
" END;
END;

PROCEDURE CONCRETEMOMENT(VAR MOMENT:VECTOR; STRESS:
i o ' DATAARRAY);
L:INTEGER ;. ‘

M:REAL;

BEGIN = '
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FOR I'=1 TO 35 DO
BEGIN -~ RIS RN

t M:=0. 00417*STRESS[I 1]+0.49583*STRESS[1.41] ;
! FOR I:=2 TO 40 DO

| M =M + ((J-1)/40)*STRESS([LT] ;

MOMENT([I}:= M/40 ;-

PROCEDURE CONCRETEdeCE(VAR FORCE: VECTOR; STRESS:
DATAARRAY);

VAR bl fon ‘

LYINTEGER; =~ [0 o 0

.'SUMAREA : REAL;

i CBEGIN I [

FORI=1TO35DO i winii e,
'BEGIN . o
 SUMAREA := STRESS[L1] + STRESS[141] ;
++ FOR J:=2 TO 40 DO ./
" SUMAREA := SUMAREA + 2*STRESS[LJ] ;
FORCE[I] SUMAREA/80

HPROCEDURE CONCRETECURVITURE(VAR RRADIUS: VECTOR; -

e B | STRAIN: DATAARRAY)
IINTEGER

‘ BEGIN | L0

f FORI 110351)0 R

| RRADIUS[I] —(STRA]N[I 41] STRAINIAOD*40:;

tul
R

o PROCEDURE STEELSTRAIN(VAR STRAIN: DATAARRAY;

s B NEU'I‘RALAXIS,POSIPOSZ INTEGER)
| INTERVALSSTRA1N411 INTEGER el
MAXSTRAIN STEP REAL;

BEGIN! - .

. INTERVALS :=‘41-NEU’TRA‘LAXIS‘;

'APPENDIX A
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FOR STRAIN4I := 1 TO 35 DO
'FOR L= 1 TO 41 DO STRAIN[STRAIN4 L] :=0;
FOR STRAIN41 := 1 TO 35 DO
BEGIN
MAXSTRAIN := STRAIN41/10;
STEP := MAXSTRAIN/INTERVALS ;
STRAIN[STRAIN41,POS1]:=(POS1-NEUTRALAXIS)*STEP ;
. STRAIN[STRAIN41,POS2] := (POS2-NEUTRALAXIS)*STEP ;
END ; ' S
END;

PROCEDURE STEELFORCE(VAR FORCE: DATAARRAY; STRAIN:
.1 ... ' DATAARRAY; POS1,POS2: INTEGER; GAMMAMS: REAL);
VAR . ‘ ‘ e
IJ : INTEGER ;
BAND1,SLOPELEPSILONVAL : REAL ;
BEGIN . .
SLOPE1 := 200 ;
BANDI := (FY/GAMMAMS)/200;
FOR L:= 1 TO 35 DO
' FOR J:= 1 TO 41 DO
IF (J=POS2) OR (J=POS1) THE
BEGIN: . ' .. . . ..
- EPSILONVAL := STRAIN[L]J] ;
IF ABS(EPSILONVAL)<BAND1 THEN FORCE[LJ]:= EPSILONVAL*SLOPE1
IF EPSILONVAL>= BAND1 THEN
" FORCE(L]] := FY/GAMMAMS
1+ ELSE FORCE[LJ] := -1*FY/GAMMAMS ;
.. END
ELSE FORCE[IJ] := 0.0;
FORL=1TO35DO i = "
_ FOR Ji= 1 TO 41 DO FORCE[1,J]:= FORCE[LJJ*(STEELAREA/2)*(1/100) ;
END ;

PROCEDURE CONCRETEPRATIO(VAR FORCERATIO: VECTOR; FORCE: ' -
o ‘ " VECTOR; GAMMAMC: REAL);
' 1:INTEGER ;
 AREAPO; REAL; - -
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BEGIN
AREA :=10;
PO:=AREA*(2/3)*(ECU/GAMMAMC) ;
FOR I:=1 TO 35 DO
FORCERATIO[I] := FORCE[I}/PO ;
END;

PROCEDURE SUMSTEELFORCE(VAR SUMFORCE: VECTOR; FORCE:
" ; _ DATAARRAY; POS1, POS2: INTEGER);

VAR "

'I:INTEGER;

BEGIN

FORI=1TO35DO '~

SUMFORCE[1}:=FORCEL,POS2] + FORCE[LPOS1J;
END ;

PROCEDURE STEELMOMENT(VAR MOMENT: VECTOR; FORCE:
DATAARRAY; POS1POS2: INTEGER; A1,A2: REAL);
I:INTEGER ;
BEGIN '~
FOR I:=1 TO 35 DO .
"' MOMENT(I] := FORCE[I,POS2]*A2 + FORCE[IPOS1]*Al ;
END;

peon g
I
gt

PROCEDURE REINFFORCE(VAR REINFFORCE: VECTOR;
CONCFORCE, STEELFORCE: VECTOR);

VAR‘ R

1: INTEGER B
; BEGIN -

: FORI =1TO 35 DO

| REINFFORCE[I] CONCFORCE{T}+STEELFORCE(] ;

END;

PROCEDURE REINFMOMENT(VAR REINFMOMENT: VECTOR;

S MOMCONCRETE, MOMSTEEL: VECTOR);
g .

* I:INTEGER;

BEGIN

" FOR L:=1 TO 35 DO
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REINFMOMENT(I} := MOMCONCRETE{I] + MOMSTEEL(]] ;
END ;

PROCEDURE EXCENTRICITY(VAR EXCE: VECTOR; MOMENT, FORCE:
o | VECTORY);
VAR
I:tNTEGER;
BEGIN
FOR L=1 TO35DO |
EXCE] := MOMENT[I]/FORCE[I] -05;
END;

PROCEDURE RFFORCERATIO(VAR RATIO: VECTOR; FORCE: VECTOR;
o GAMMAMC, GAMMAMS: REAL);
EINTEGER;
BEGIN o
AREA=1; | |
—(2/3)*(FCU/GAMMAMC)*AREA + (FY/GAMMAMS)*(STEELAREA/IOO)
FORL=1TO35DO
RATIO[T] := FORCE[I/PO
END;

PROCE‘DU‘RE‘ INTERPOLER (COLUMN: CASEARRAY);
VAR
| NI,JCOUNT INTEGER ;

PRATIO,FRACTION : REAL ;

ESTEXCEN ESTCURY : ARRAY[41.40] OF REAL ;
RATIO : ARRAY[1..10] OF REAL ;

BEGIN .. .. .,

FOR L= -41 TO 40 DO

BEGIN

 ESTEXCEN[IJ:=-1;

VESTCUR‘V[I] = -1‘;

FOR L:=1 TO 10 DO RATIO[] := (-1)/10;
RATIO[1] :=005;

FORL=1TO10DO .

BEGIN
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« PRATIO:= RATIOI] ;|
FOR N:= MINNEUTRALAXIS TO 40 DO

BEGIN
ESTEXCENI[N] :=-
"ESTCURVIN] =-1;
FOR N:= MINNEUTRALAXIS TO 40 DO
WITH COLUMN[N] DO
IF (PRATIO>=RCPRATIO(1]) AND (PRATIO<=RCPRATIO[35]) THEN
BEGIN ‘
J:=0;
REPEAT
' T=l4l;
UNTIL (PRATIO>=RCPRATIO[J]) AND (PRATIO<=RCPRATIO[J+1]) ;
IF (RCPRATIO[J]>=0 ) THEN
BEGIN

FRACTION := (PRATIO - RCPRATIO[J])/(RCPRATIO[J+1] - RCPRATIO[]) ;
ESTEXCENIN] := (RCEXCEN[J+1]-RCEXCEN[J])*FRACTION)+RCEXCEN[J] ;
' ESTCURV[N] := (RCONC[J+1]-RCONCIJ])*FRACTION}+RCONC[J] ;
_ WRITELN(PRT2,NEUTRALAXIS = 'N:3, PRATIO  ='PRATIO:T:4,
' EST EXCEN= "ESTEXCEN[N]:7:4,' /R = "ESTCURVIN}:7:4) :
WRITELN(PRT2) ; ©
COUNT :=0;
FOR N:=MINNEUTRALAXIS TO 40 DO -
IF ((ESTEXCEN[N]>=0.0) AND (ESTCURV[N]>—0 0))THEN COUNT := COUNT+1 ;
' WRITELN(DATAFILE,COUNT:3) ; - ~ ‘
FOR N:=MINNEUTRALAXIS TO 40 DO
T ((ESTEXCEN[N]>=0.0)AND (ESTCURVIN]>=0 0) ) THEN
"' WRITELN(DATAFILE PRATIO:7:4," ' ESTEXCEN[N]:7:4,
- "ESTCURV[N]:7:4); - |
.EN'D;
END;
PROCEDURE TERMINALP(COLUMN: CASEARRAY);
VAR o | |
IJ: INTEGER ;
RATIO : ARRAY [1..10] OF REAL ;
PRATIO,FRACTION,ESTEXCEN,ESTCURV REAL ;
BEGIN -
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FOR I:=1 TO 10 DO RATIO[I}:= (-1)/10;;
RATIO(1] := 0.05 ;
FOR E=1 TO 10 DO
BEGIN . .
PRATIO:= RATIO[] ;
IF (PRATIO<=COLUMN[MINNEUTRALAXIS] RCPRATIO[35]) AND
* (PRATIO>=COLUMNI[40] RCPRATIO[35] )
THEN
BEGIN - S o
J:=MINNEUTRALAXIS-1; .- e
REPEAT J:J+1 -
(PRATIO<=COLUMN[J].RCPRATIO[35)) AND(PRATIO>=COLUMN[J+1].RCPRATIO[35]);
IF ((COLUMN[J+1].RCPRATIO[35]>—0)AND(COLUMN[J] .RCPRATIO[35]>=0)) THEN
BEGIN ' | L e e T T
'FRACTION := (COLUMN[J].RCPRATIOBS]-PRATIO Y
(COLUMN[J].RCPRATIO[35]-COLUMN[I+1].RCPRATIO[35]) ;
| ESTEXCEN := COLUMN[/].RCEXCEN[35] +
((COLUMN[J+1) RCEXCEN[35]-COLUMN[J] RCEXCEN[35])*FRACTION);
' ESTCURY := COLUMN[JJRCONC35] +
((COLUMN[J+1)RCONC[35}-COLUMN[J].RCONCI[35])*FRACTION);
WRITELN(PRT2,P/PO = ' PRATIO:7:4, EST EXCENTRICITY = ' ESTEXCEN:7:4,
¢ iwiti ' CURVATURE = ESTCURV:7:4); . - . .- ‘
| WRITELN(DATAFILE,PRATIO: 7:4, ' ESTEXCEN:7:4,'  ESTCURV:7:4) ;
| ELSE WRITELN(DATAFILE PRATIO:7:4," -1.0000 -1.0000 ) ;
ELSE WRITELN(DATAFILE,PRATIO:7:4," -1.0000 -1.0000 °);
WRITELN(PRT2) ;
WRITELN(PRT2) ; |
END; .
PROCEDURE TERMINALE(COLUMN: CASEARRAY; POS1: INTEGER):
LJ : INTEGER ;
RATIO : ARRAY [1..10] OF REAL ;
ERATIO FRACTION,ESTPRATIO.ESTCURY : REAL ;
BEGIN |
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FOR I:=1 TO 8 DO RATIO[):=1/20;
FOR I:=1 TO 8 DO
BEGIN '/ ' "/1
ERATIO:= RATIO] ;. '
~ FOR J:=MINNEUTRALAXIS TO POS1 DO
IF (ERATIO>=COLUMN[J].RCEXCEN[3 5])AND(ERATIO<—COLUMN[J+1 JRCEXCEN[35])
AND((COLUMN[J].RCPRATIOBS]>=0)AND(COLUMN[J+1].RCPRATIO[35]>—O))THEN
BEGIN e i
FRACTION := (ERATIO—COLUMNU] RCEXCEN[35]Y/
i (COLUMN[J+1].RCEXCEN[35]-COLUMN[JL.RCEXCEN[35}) ;
ESTPRATIO := COLUMN[J].RCPRATIO[35] -
,,,,,,, ((COLUMND].RCPRATIO[35]-COLUMNI[J+1].RCPRATIO[35])*FRACTION);
./, ESTCURY := COLUMN[J]RCONC[35] +
((COLUMN[I+1].RCONC[35]-COLUMN[J].RCONC[35])*FRACTION);
7 WRITELN(PRT2,EXCENTRICITY = ERATIO:7:4, ESTP/PO =
| "ESTPRATIO:7:4," CURVATURE = 'ESTCURV:7:4);
“END; | o
| WRITELN@RT2); i

' PROCEDURE INTERPOLPR(COLUMN: CASEARRAY);
f N,I,J INTEGER ;
; ERA'I'IO,FRACTION,ESTPRATIO,ESTCURV REAL ;
| RATIO : ARRAY[I 8] OF REAL ; SRS
; BEGIN IR “f s
" FOR L= =1TO § DO RATION] = 1205 ;
FORI- 1TO8DO | LT (AN
= ERATIO RATIO[I], | |
,jffFORN MINNEUTRALAXISTO4ODO
“‘,WITHCOLUMN[N]DO o ‘
~ BEGIN FAEE
" FOR I= 1TO34DO o ‘ .
IF((ERATIO>_RCEXCEN[J])AND(ERATIO<-RCEXCEN[J+l])) OR
((ERATIO<-RCEXCEN[J]) AND(ERATIO>—RCEXCEN[J+1])) 'I'HEN
"' BEGIN. e
A IF (E.RATIO>—RCEXCEN[J]) THEN
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' FRACTION := (ERATIO - RCEXCEN[J])/(RCEXCEN[J+1] - RCEXCEN[J])
"1 FRACTION := 1-((ERATIO—RCEXCEN[J+l])/(RCEXCEN[J];RCEXCEN[J+1])) :
...~ . ESTPRATIO := ((RCPRATIO[J+1]-RCPRATIO[J]))*FRACTION)+RCPRATIO[J] ;

" ESTCURYV := ((RCONC[J+1]-RCONC[J)*FRACTION)+RCONC[J] ;
" WRITELN(PRT2, NEUTRALAXIS = 'N:3,' EXCENTRICITY = 'ERATIO:5:2,
po i BST PPO = '\ ESTPRATIO:7:4,' 1/R = ' ESTCURV:7:4,
' RCEXCEN[)]:7:4 RCEXCEN[J+11:7:4 ) ;

‘END ; |

BEGIN
REWRITE(PRTI) ;
REWRITE(PRT2) ;
REWRITE(DATAFILE) ;
INPUT(FCU,FY,STEELAREA DRATIO,GAMMAMC,GAMMAMS,
MINNEUTRALAXIS);
Al:=DRATIO;
A2:= 1-DRATIO;
XA1:=(Al/0.025) +1;
XA2:=(A2/0.025)+1;
-~ POS1:= ROUND(XA1);
POS2:= ROUND(XA2);
IF (XA1-POS1)>0.5) THEN POS1:=POS1+1 ;
IF (XA1-POS1) <-0.5) THEN POSI1:=POS1-1 ;
IF (XA2-POS2)>0.5) THEN POS2:=POS2+1 ;
IF ((XA2-POS2) < -0.5) THEN POS2:=POS2-1 ;
WRITELN(POS1 = "POS1:4;  POS2 ='P0OS2:4);
' FOR NAXIS:= 40 DOWNTO MINNEUTRALAXIS DO
WITH COLUMNDATA DO
'BEGIN
* STRAIN(EPSILON,NAXIS);
STRESS(SIGMA EPSILON,GAMMAMC) ;
CONCRETEMOMENT(MCONC,SIGMA) ;
CONCRETEFORCE(PCONC,SIGMA) ;
 CONCRETEPRATIO(CPRATIO PCONC,GAMMAMC) ;
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CONCRETECURVITURE(INTERDATA[NAXIS].RCONC,EPSILON) ;
STEELSTRAIN(EPSILONS,NAXIS,POS1,POS2) ; |
STEELFORCE(SFORCE EPSILONS POS1,POS2,GAMMAMS) ;
SUMSTEELFORCE(PSTEEL,SFORCE,POS1,POS2) ; .
STEELMOMENT(MSTEEL,SFORCE,POS1,POS2,A1,A2) ; |
REINFFORCE(PRC,PCONC,PSTEEL) ; R
REINFMOMENT(MRC,MCONC,MSTEEL) ;
EXCENTRICITY(INTERDATA[NAXIS].RCEXCEN,MRC,PRC) ;

RFFORCERATIO(INTERDATA[NAXIS].RCPRATIO PRC,GAMMAMC ,GAMMAMS) ;

WRITELN(PRTY) ; . _
WRITELN( ' NEUTRAL AXIS IS AT POSITION ',NAXIS);
WRITELN(PRTI, ' NEUTRAL AXIS IS AT POSITION ',NAXIS);

WRITELN(PRT1); /o
FORL=1TO35D0O |
BEGIN .5, jyvo e
J=1; 7 ‘
WHILE J<=41 DO
BEGIN ' /i,
WRITE(PRT1,EPSILON(IJ}:6:3);
FemJ42 5 il e
WRITELN(PRT1);

o J=1;
'WHILE J <=41 DO
BEGIN
WRITE(PRT1,SIGMA(LJ1:6:3);
J:=J+2;
END ; ‘
WRITELN(PRT1);
I:=1;

' WHILE J<=41 DO
BEGIN
WRITE(PRT1,EPSILONS[1J1:6:3) ;
Ji=1+2; ’
END;
WRITELN(PRT1);
J=1;
WHILE J <=41 DO
BEGN

WRITE(PRT1,SFORCE(1,J]:6:3);
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T=J+2 ; S | o
WRITELN(PRT1);
WRITELN(PRT1," P M ,E P/PO l/R -) N

WRHELN(PRTl * 'CONC "PCONC[I}:7:3MCONCI:7:3, ™,

' CPRATION}:7:3 INTERDATAINAXISLRCONCI7:3 ) ;
WRITELN(PRTI * ST *PSTEEL(]:7:3.MSTEEL[I:7:3 ) ;
WRITELN(RT]," RC ‘PRC[I}:7:3MRCIII7:3,
lN'I‘ERDATA[NAXIS].RCEXCEN[[] 7: 3,11\ITERDATA[NAXIS].RCPRATIO[I] 8:4);
WRITELN’PRTI) o A

i LT G d B T

TERM]NALP(INTERDATA), SR

INTERPOLER(INTERDATA), L

TERMINALPONTERDATA);

 TERMINALE(NTERDATA POS1);

IN'IERPOLPR(H\I'IERDATA), o

WRITELN(PRT2) e

WRITELN(PRTZ N P/PO E llR s

FOR L= M]NNEUTRALAXIS TO40DO
WRI’I'ELN(PR’I‘Z,I 3, INTERDATA[I].RCPRATIOBS] 7:4,

| IN’IERDATA[I] RCEXCENBS] 7; 4,1NTERDATA[I].RCONC[35] T7:4:

. . END. et el S
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PROGRAM COLMNBSL(PRT1,PRT2,DATAFILE,INFILE,OUTPUT);
LABEL 1000 ;
CONST PHI =20 ;
SIZE§53 ;
(The value of PHI may vary between (0.5 & 4) then SIZE must change accordingly )
{ SIZE:ROUNb((l+PIrII)*35) i.e it should be an integer. Two procedures will }
{change slightly: } . L e
(PROCEDURE STRAIN and.PROCEDURE STEELSTRAIN)
DATAARRAY  ARRAYIL sxzm 41] OF REAL ;
VECTOR = ARRAY[1.SIZE] OF REAL ;
SINGLECASE RECORD
... EPSILON : DATAARRAY B
| SIGMA :DATAARRAY;
. EPSILONS : DATAARRAY ;
| SFORCE . : DATAARRAY ;
~ MCONC : VECTOR;
.-, PCONC _: VECTOR ;
N ‘CPRATIO VECTOR ;
' MSTEEL : VECTOR ;
. PSTEEL : VECTOR ;
PRC . :VECTOR; .
; ,,‘MRC :VECTOR;. . ..
TESTCASE RECORD .
.. ROONC . : VECTOR ;
 RCEXCEN : VECTOR ;
‘ RCPRATIO : VECTOR ;
CASEARRAY = ARRAY[-41 40] OF TESTCASE s
INFILE,PRTI,PR’I’Z DATAFILE : mx*r o
NAXIS,M]I\INEUI'RALAXIS,POSI,POSZ 17 : INTEGER ; |
FCU/FY, STEELAREA DRATIO,ALA2 XA1XA2, GAMMAMC, GAMMAMS : REAL:
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COLUMNDATA : SINGLECASE; -
INTERDATA : CASEARRAY ;

PROCEDURE INPUT(VAR CONCSTRENGTH, YIELDSTRESS, STEELAREA,
DRATIO, GAMMAMC, GAMMAMS: REAL; VAR NEUTRALAXIS: INTEGER);
BEGIN -
WRITELN(INPUT CONCSTRENGTH ') ;
RESET(NFILE) ; -
READ(INFILE,CONCSTRENGTH) ;
REPEAT | o
WRITELNCINPUT MIN POSITION OF THE NEUTRAL AXIS (41 TO )40) ;
READ(INFILE NEUTRALAXIS ) ;
UNTIL (NEUTRALAXIS<41) AND (NEUTRALAXIS> -42) ;
WRITELN(INPUT YIELDSTRESS ; '
READ(INFILE,YIELDSTRESS);

. WRITELNCINPUT PERCENTAGE STEEL REINFORCEMENT AREA );
READ(INFILE,STEELAREA); N
WRITELN(INPUT EFFECTIVE DEPTH RATIO D/H (BY INCREMENT OF 0. 025)')
READ(INFILE,DRATIO);

" WRITELN(INPUT FACTOR OF SAFETY OF CONC. AND STEELY;

' READ(INFILE,GAMMAMC,GAMMAMS); |
. WRITELN(PRT1,CONCSTRENGTH =, CONCSTRENGTH:5:1,' MIN NEUTRAL AXIS = °,
NEUTRALAXIS:3; YIELD STRESS = *,YIELDSTRESS:6:1) ;

"WRITELN(PRT]1, , v
i | 'PERCENTAGE STEEL AREA = "STEELAREA:5:3,' FACTOR OF SAFETY'

' OF CONCRETE = ,GAMMAMC:5:2,' FACTOR OF SAFETY OF STEEL =',
 GAMMAMS:5:2, CREEP COEFFICIENT =', PHI:4:1);
WRITELN(PRT1,EFFECTIVE DEPTH RATIO =',DRATIO:5:3);
* WRITELN(PRT2,CONCSTRENGTH = ',CONCSTRENGTH:S:1, MIN NEUTRAL AXIS = *,
NEUTRALAXIS:3,” YIELD STRESS = YIELDSTRESS:6:1) ;
WRITELN(PRT2, e
| "PERCENTAGE STEEL AREA ='STEELAREA:4:1, FACTOR OF SAFETY"
; OF CONCRETE = ,GAMMAMC:5:2,' FACTOR OF SAFETY OF STEEL =,
GAMMAMS:5:2,' CREEP COEFFICIENT =', PHI:4:1);
WRITELN(PRTZ, EFFECTIVE DEPTH RATIO = DRATIO:5:3);
WRITELN(DATAFILE,CONCSTRENGTH:S: 1, 'NEUTRALAXIS:3, *
. YIELDSTRESS:6:1,' \STEELAREA:S:3, | DRATIO:5:3; '
GAMMAMC:5:2,' "\GAMMAMS:5:2,' ' PHL:4:1);
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PROCEDURE STRAIN(VAR STRAIN: DATAARRAY;
NEUTRALAXIS:INTEGERY);
VAR |
STRAIN41,INTERVALS,I : INTEGER ;
MAXSTRAIN : REAL ;
BEGIN
INTERVALS:=41-NEUTRALAXIS ;
FOR STRAIN41:=1 TO SIZE DO
BEGIN' o
IF STRAIN41< ((14PHI}*35)2 THEN MAXSTRAIN := STRAIN41/5
ELSE MAXSTRAIN := ((1+PHD*35)/10 ;
FOR I'=1 TO 41 DO
BEGIN
IF I<=NEUTRALAXIS THEN
STRAIN[STRAIN41,I]:=0
"UELSE S | _
STRAIN[STRAIN41,T] :=(MAXSTRAIN/INTERVALS)*(I-NEUTRALAXIS) ;

PROCEDURE STRESS(VAR STRESS: DATAARRAY; STRAIN:DATAARRAY:;

GAMMAMC:REAL);

VAR '
ILJ:INTEGER ;
MAXSIGMA MAXEPSILON : REAL ;
BEGIN " - o
MAXSIGMA :=(FCU*(2/3))/GAMMAMC ;
' MAXEPSILON :=0.24*(1+PHI)* SQRT(FCU/GAMMAMCY);
FOR I:=1 TO SIZE DO
CFORJ:=1TO41DO "1/ i
BEGIN
IFSTRAII\I[I,J]-OTHENSTRESS[IJ]=O 'ELSE
STRESS[U] =35. 5*(1/(1+PIH))*STRAWHJ]*(SQRT(FCU/GAMMAMC) -
o 2.08334 *(1/(1+PHD))*STRAIN[I,)]);
' IF (STRESSILJ]>MAXSIGMA) OR (STRAIN[L,J]>MAXEPSILON) THEN
 STRESS[LJ:=MAXSIGMA: =~
. END;
END;

APPENDIX A



215

PROCEDURE CONCRETEMOMENT(VAR MOMENT:VECTOR;
g . STRESS:DATAARRAY);
. VAR |
LI:INTEGER; /¢
M :REAL;
BEGIN
FORI:=1TO SIZEDO "/ ..
BEGIN
M:=0. 00417*STRESS[I,1]+0 49583*STRESS[',41]
iFORJ:=2 TO40 DO "
" M= M + ((J-1)/40)*STRESS[LJ] ;
MOMENT[I]:=MA0; 4.

PROCEDURE CONCRETEFORCE(VAR FORCE: VECTOR;
© STRESS:DATAARRAY);

VAR '
'LJ:INTEGER ;
: BEGIVN; . FrT A B R S T e
FOR I:=1 TO SIZE DO ¥
'BEGIN ' [/

. SUMAREA := STRESSI,1] + STRESS[I,41] :

' FOR J:==2TO40DO ‘
' SUMAREA := SUMAREA + 2*STRESS[L]] ;
' 'FORCE[) := SUMAREA0;

‘k“fPROCEDURE CONCRETECURVITURE(VAR RRADIUS VECTOR;

Chovniek R e - STRAIN: DATAARRAY)
‘_I:IN'I'EGER;:‘ RS

'FOR I'= lTOSIZEDO e

: RRADIUS[I] —(STRAIN[I 41] STRAIN(1.40])*40 ;

L END g
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PROCEDURE STEELSTRAIN(VAR STRAIN: DATAARRAY;
' NEUTRALAXIS, POS1, POS2: INTEGER);

VAR
INTERVALS,STRAIN41,I: INTEGER ;
MAXSTRAIN, STEP : REAL; "
BEGIN
INTERVALS := 41-NEUTRALAXIS ;
FOR STRAIN41 := 1 TO SIZE DO
" FOR I:= 1 TO 41 DO STRAIN[STRAIN4L,T] :=0;
FOR STRAIN41 := 1 TO SIZE l])O
BEGIN N .
* IF STRAIN41 < ((14PHD)*35)/2 THEN MAXSTRAIN := STRAIN41/5
" ELSE MAXSTRAIN := ((1+PHI)*35)/10 ;
1+ STEP := MAXSTRAIN/INTERVALS ;
STRAIN[STRAIN41,POS1]:=(POS1-NEUTRALAXIS)*STEP ;
i STRAIN[STRAIN41,POS2] := (POS2-NEUTRALAXISY*STEP ; v i
PROCEDURE STEELFORCE(VAR FORCE: DATAARRAY; STRAIN:
. DATAARRAY POS1,POS2: INTEGER; GAMMAMS: REAL);

VAR .
1V : INTEGER ;
BAND1,SLOPE1,EPSILONVAL : REAL ;
BEGIN i 0 o i T e e
SLOPE1 := 200 ; e B ‘
", BAND1 := (FY/GAMMAMS)/200;
FOR L= 1 TO SIZE DO
. FOR I:= 1 TO 41 DO
| IF (J=POS2) OR (J=POS1) THEN
BEGIN - »
~ EPSILONVAL := STRAIN[LJ] ;
IF ABS(EPSILONVAL)<BAND! THEN FORCEI,]:= EPSILONVAL*SLOPE]
IF EPSILONVAL>= BAND1 THEN |
/4’1 FORCE[LJ] ;= FY/GAMMAMS
 ELSE FORCELJ] := -1*FY/GAMMAMS ;
_END -
ELSE FORCE[LJ] := 0.0 ;
FOR I:= 1 TO SIZE DO -
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" FOR J:= 1 TO 41 DO FORCE[1,J):= FORCE[LJ]*(STEELAREA/2)*(1/100) ;
END ;
PROCEDURE CONCRETEPRATIO(VAR FORCERATIO: VECTOR; FORCE:
VECTOR; GAMMAMC:REAL);
VAR
-1 INTEGER ;
AREA PO : REAL ;
BEGIN =
AREA :=1.0; |
PO:=AREA*(2/3)*(FCU/GAMMAMC) ;
FOR I'=1 TO SIZEDO )
"+ FORCERATIO(I] := FORCE(I]/PO;
END;

PROCEDURE SUMSTEELFORCE(VAR SUMFORCE: VECTOR; FORCE:
. DATAARRAY, POS1,POS2: INTEGER);

VAR
I1: INTEGER ;
BEGIN. & . .

FOR I:=1 TO SIZE DO

* SUMFORCE(T}:=FORCE[I,POS2] + FORCE[LPOS1];
END;

PROCEDURE STEELMOMENT(VAR MOMENT: VECTOR; FORCE:
DATAARRAY; POS1,POS2: INTEGER; A1,A2: REAL);

VAR
I:INTEGER; ¢ = '+
BEGIN . .~ .
. FOR I:=1 TO SIZE DO
MOMENT(T] := FORCE[I,POS2]*A2 + FORCE[LPOS1]*Al ;

PROCEDURE REINFFORCE(VAR REINFFORCE: VECTOR
‘ * CONCFORCE STEELFORCE: VECTOR)
VAR " i '
I:INTEGER;
BEGIN ‘ ‘
| FOR I:=1 TO SIZE DO ‘
- REINFFORCE[I] := CONCFORCE[I]+STEELFORCE[T] ;
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END;

PROCEDURE REINFMOMENT(VAR REINFMOMENT: VECT OR;
MOMCONCRETE,MOMSTEEL: VECTOR);

VAR
I:INTEGER ;
BEGIN '
FOR I:=1 TO SIZE DO |
REINFMOMENTII] := MOMCONCRETET] + MOMSTEEL] ;.

PROCEDURE EXCENTRICITY(VAR EXCE:VECTOR; MOMENT,FORCE: VECTOR) :
VAR '
LINTEGER ; - -
BEGN
FORL=1TOSIZEDO = "~
EXCET] := MOMENT(I/EORCE(] - 0.5 ;
END;
PROCEDURE RFFORCERATIO(VAR RATIO: VECTOR; FORCE:VECTOR;
| ' VAR GAMMAMC, GAMMAMS: REAL);

VAR 1o i

LINTEGER ;

AREA PO : REAL ;
BEGIN " |/ °

AREA:=1;

PO :=(2/3)*(FCU/IGAMMAMC)*AREA + (FY/GAMMAMS)*(STEELAREA/IOO)

FORL=1TOSIZEDO :

RATIO[T] := FORCE[I}/PO
END: ‘

' PROCEDURE INTERPOLER(COLUMN: CASEARRAY);
VAR ‘ | TR
N,LJ,COUNT : INTEGER ;
PRATIO,FRACTION : REAL ;
ESTEXCEN,ESTCURY : ARRAY[-41.40] OF REAL ;
RATIO : ARRAY[1..10] OF REAL ; B
BEGIN ' :@i o e
FOR L= 41 TO 40 DO
BEGIN |
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ESTEXCEN[]:=-1;
¢ ESTCURV[] :=-1;
"END :
FOR L:=1 TO 10 DO RATIO[I] := (I-1)/10 ;
RATIO[1] :=0.02 ; , ~
FORIL=1TO10DO ' /" 100 i,
‘BEGIN
~PRATIO:= RATIO[I] ; -
* FOR N:= MINNEUTRALAXIS TO 40 DO
‘BEGIN 't/ it !
" ESTEXCENI[N] :=-1;
;ESTCURV[N] :=-1;
~ FORN:= MINNEUTRALAXIS TO40DO " '
WITH COLUMN[N] DO
~ IF (PRATIO>=RCPRATIO[1]) AND (PRATIO<-RCPRATIO[SIZE]) THEN
BEGIN - NENE ‘ ,
J=0; 7
REPEAT
Ji=J+1

UNTIL (PRATIO>-RCPRATIO[J]) AND (PRATIO<-RCPRA'I‘IO[J+1]) s

IF (RCPRATIO[J]>=0 ) THEN

BEGIN ‘ ~ ; :
FRACTION := (PRATIO RCPRATIO[J])/(RCPRATIO[HI] RCPRATIO[J]) ;

ESTEXCEN[N] = ((RCEXCEN[I+1]-RCEXCEN[J])*FRACTION)+ RCEXCEN[];
ESTCURV[N] = ((RCONC[J+1]-RCONC[J])*FRACI‘ION)+RCONC[I]
 WRITELN(RT2, NEUTRALAXIS ="N:3/PRATIO = 'PRATIO:7:4,

" 'EST EXCEN= ',ESTEXCEN[N] 7 4, I/R "ESTCURV[NJ:7:4) ;

‘ ;“WRITELN(PR'[Q)'; T A
i : CO[JNT 0 . ‘- i ‘u“';‘ o ; )
pFORN =MINNEUTRALAXIS TO40 DO -

IF ((ESTEXCEN[N]>=O 0) AND (ESTCURV[N]>-0 0))THEN COUNT := COUNT+1

WRI'IELN(DATAFILE COUNT:3);
- FOR N:=MINNEUTRALAXIS TO 40 DO ,
- IF(BSTEXCEN[N}>=0.0)AND (ESTCURV[N]>=0.0) ) THEN
i WRITELN(DATAFILE,PRATIO.?A,’ ',ES'I'EXCEN[I\J]:7z4,‘ Y,ESTCURV[N];7;4);
CEND; bl o ‘ ‘
o END; Cr s .
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PROCEDURE TERMINALP(COLUMN: CASEARRAY);
VAR ot CE A S e
1J : INTEGER ;
RATIO : ARRAY [1..10] OF REAL ;
PRATIO,FRAC’I'ION,ESTEXCEN,ESTCURV REAL ;
BEGIN' ‘
FOR L:= lTOlODORATIO[I] (1-1)/10
RATIO[1] :=0.02;
FOR I:=1 TO 10 DO
BEGIN
PRATIO:= RATIO[] ;
F (PRATIO<=COLUMN[MINNEUTRALAXIS] RCPRATIO[SIZE]) AND
R (PRATIO>—COLUMN[40] RCPRATIO[SIZE])
BEGIN /0 i
J:=MINNEUTRALAXIS-1 ;
REPEATJ:=J+1 ' oty
| ‘(PRATIO<—-COLUMN[J].RCPRATIO[SIZE])AND(PRA’I‘IO>—COLUNH\I[J+1].RCPRATIO
LU (SIZED: . sy el = L
IF ((COLUMN[J+l].RCPRATIO[SIZE]>=O)AND(COLUMN[J] RCPRATIO[SXZE]>=0)) THEN
FRACTION = (COLUMN[J] RCPRATIO[SIZE]-PRATIO )/
" (COLUMN[J].RCPRATIO[SIZE]-COLUMN[J+1]1.RCPRATIO[SIZE]) ;
" ESTEXCEN := COLUMN[J].RCEXCEN[SIZE] +
, ((COLUMN[J+1].RCEXCEN[SIZE]-COLUMN[J].RCEXCEN[SIZE])*FRACTION);
| ESTCURV COLUMN{J].RCONCISIZE] +
| © ((COLUMN(J+1]RCONCISIZE]-COLUMNII]. RCONC[SIZE])*FRACHON)
* WRITELN(PRT2,P/PO = ' PRATIO:7:4,' EST EXCENTRICITY =
'ESTEXCEN:7:4, CURVATURE = 'ESTCURV:7:4);
'\ WRITELN(DATAFILE PRATIO:7:4,' ESTEXCEN:7:4," " ESTCURV:7:4) ;
LR END
! ELSE WRITELN(DATAFILE,PRATIO:7:4," -1.0000 -1.0000 ") ;
* ELSE WRITELN(DATAFILE,PRATIO:7:4, -1.0000 -1,0000 *);
' END ; KN
WRITELN(PRT2) ;

“WRITELN(PRT2) ;
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END ;

PROCEDURE TERMINALE(COLUMN: CASEARRAY; POS1: INTEGER);

VAR
LJ : INTEGER ; o
RATIO : ARRAY [1..10] OF REAL ;
ERATIO FRACTION,ESTPRATIO,ESTCURYV : REAL ;
 BEGIN
FOR I:=1 TO 8 DO RATIO[I}:= 1/20
FORL:=1 TO8DO .
BEGIN
ERATIO:= RATIO[] ;
FOR J:=MINNEUTRALAXIS TO POS1 DO

IF ((ERATIO>=COLUMN[J].RCEXCEN [SIZE])AND(ERA'I'IO<=COLUMN[J+1]

- RCEXCEN [SIZE])) -

- AND((COLUMNIJ]. RCPRATIO[SIZE]>=O)AND(COLUMN[J +1] .RCPRATIO[SIZE]>=O)) THEN

BEGIN

- FRACTION := (ERATIO-COLUMN[J].RCEXCEN[SIZE])Y/
(COLUMN([J+1].RCEXCEN(SIZE]-COLUMN[J].RCEXCEN[SIZE]) ;

ESTPRATIO := COLUMN[J]1.RCPRATIO[SIZE] -

((COLUMN[J]. RCPRATIO[SIZE]-COLUMN([J+1]RCPRATIO[SIZE])*FRACTION);

ESTCURY := COLUMN[J]. RCONC[SIZE] +

S ((COLUMN[J+1].RCONC[SIZE]-COLUMN[J] RCONCISIZE])*FRACTION);

' . WRITELN(PRT2,EXCENTRICITY = "ERATIO:7:4,' EST
P/PO = ' ESTPRATIO:7:4, CURVATURE = "ESTCURV:7:4);

WRITELN(PRT?) ;
 WRITELN(PRT2) ; -
_ END; e

- PROCEDURE INTERPOLPR( COLUMN: CASEARRAY);

VAR
NJJ INTEGER ; ERIRETIN
ERATIO,FRACTION,ESTPRATIO,ESTCURV REAL ;

_ RATIO : ARRAY(1..8] OF REAL ;

CBEGIN . .. | |

FOR I:=1 TO § DORATION] :=1/20; = . .,

FOR L= 1 TO 8 DO B

BEGIN -« ...
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ERATIO:= RATIO(I} ;
FOR N:= MINNEUTRALAXIS TO 40 DO
WITH COLUMN[N] DO
BEGIN
'FORJ:=1TO (SIZE-1) DO ..
2 IF((ERA'I'IO>=RCEXCEN[J])AND(ERATIO<=RCEXCEN[J+1])) OR
((ERATIO<—RCEXCEN[J]) AND(ERATIO>—RCEXCEN[J+1])) THEN
" BEGIN | LR e e
" IF (ERATIO>=RCEXCEN[]) THEN
. FRACTION := (ERATIO - RCEXCEN[J])/(RCEXCEN[J+1] - RCEXCENI[3])
" FRACTION := 1-(ERATIO-RCEXCEN[J+1])/((RCEXCEN[J]-RCEXCEN[J+1])) ;
ESTPRATIO := (RCPRATIO[J+1]-RCPRATIO[T])*FRACTION)+ RCPRATIO[]] :
" ESTCURV := (RCONC[J+1]-RCONC[J])*FRACTION)}+RCONC[J] ;
. WRITELN(PRT2,NEUTRALAXIS = 'N:3,' EXCENTRICITY = *ERATIO:S:2,
" EST P/PO = "ESTPRATIO:7:4," IR = ,ESTCURV:7:4 RCEXCEN[J]:7:4 RCEXCEN[J+1]:7:4 ) :
"END ;
"END;

END; -
END; 2

BEGIN .
REWRITE(PRT1) ;
REWRITE(PRT?) ;
REWRITE(DATAFILE) ;
INPUT(FCU,FY STEELAREA DRATIO,GAMMAMC,GAMMAMS ,MINNEUTRALAXIS)
Al := DRATIO ;
' A2:=1- DRATIO;
XAl := (A10.025) + 1;
XA2 := (A2/0.025)+1;
POS1:= ROUND(XA1) ;
POS2:= ROUND(XA2); .
IF (XA1 -POS1)> 0.5) THEN POS1:=POSI +1 ;
IF (XAl - POS1) <0.5) THEN POSI:=POSI-1 ;
IF (XA2 - POS2) > 0.5) . THEN POS2:=POS2 +1 ;
IF (XA2 - POS2) <0.5) THEN POS2:=POS2-1 ;
WRITELN(POS1 = 'POS1 4, POS2 = "POS2 :4);
' FOR NAXIS:= 40 DOWNTO MINNEUTRALAXIS DO
'WITH COLUMNDATA DO
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BEGIN
STRAIN(EPSILON,NAXIS);

STRESS(SIGMA EPSILON,GAMMAMC) ;

CONCRETEMOMENT(MCONC,SIGMA) ;

' CONCRETEFORCE(PCONC,SIGMA) ;
CONCRETEPRATIO(CPRATIO,PCONC,GAMMAMC) ;
CONCRETECURVITURE(INTERDATA[NAXIS].RCONC.EPSILON) ;
STEELSTRAIN(EPSILONS,NAXIS POS1,POS2) ;
STEELFORCE(SFORCE EPSILONS POS 1,POS2,GAMMAMS) ;
SUMSTEELFORCE(PSTEEL,SFORCE,POS1,POS2) ; -

' STEELMOMENT(MSTEEL,SFORCE POS1,POS2,A1,A2) ;
REINFFORCE(PRC,PCONC,PSTEEL) ; . ‘

' REINFMOMENT(MRC,MCONC,MSTEEL) ; ;-
EXCENTRICITY(INTERDATA[NAXIS ].RCEXCEN,MRC,PRC) ;
RFFORCERATIO(INTERDATA[NAXIS]RCPRATIO,PRC,GAMMAMC ,GAMMAMS) ; -

WRITELN(PRTI); -

WRITELN( * NEUTRAL AXIS IS AT POSITION 'NAXIS);

 WRITELN(PRTI, ' NEUTRAL AXIS IS AT POSITION ' NAXIS);
 WRITELN@RT1); . .
"FORL:=1TOSZEDO .
BEGIN = |
WHILE J<=41 DO
“BEGIN . i
WRITE(PRT1 EPSILONIIJ]:6:3);
HL=J42; ‘
WRITELN(PRTI)
CI=l;
WHILE J<= 41 DO
" BEGIN ‘
- WRITE(PRT1,SIGMA[I,J1:6:3);
S [ F5,1 ‘
END;
 WRITELN(PRT1);
J:=1; '
WHILE J<=41 DO
BEGIN
WRITE(PRT1,EPSILONS(LJ]:6:3);
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J:=J+2;

END;

WRITELN(PRTI);

J:=1;

WHILEJ<_41 DO

BEGIN S

WRITE(PRTI SFORCE[I,J] 6 3)

J—J+2 R

WRITELN(PRTI)

WRITELN(PRTI' P M E PPO IRY

WRITELN(PRTI' CONC ' PCONC[1]:7:3,MCONC(I]:7:3,’ '
CPRATIO[I] 7 3,11\I’IT:.RDATA[NAXIS].RCONC[I] 73);

WRITELN(PRTI' ST ' PSTEEL[1}:7:3;MSTEEL{I]:7:3 ) ;

WRITELN(PRTI ' RC  ‘PRC[J7:3,MRC[L:7:3, '

INTERDATA[NAXIS].RCEXCEN[I] 7:3,INTERDATA[NAXIS].RCPRATIO{I]:8 4) :

‘WRITELN(PRTI) ;

END, e

TERMINALP(NTERDATA) ; ~

e H\ITEEIY’(’)LER(NTERDATA),
:TERMINAI_.P(INTERDATA) |

TERMINALE(INIERDATA,POSI)

IN'IERPOLPR(INTERDATA) :

WRI'IELN(PRTZ) |

WRITELN(PRT2'N PPO E IR );

 FOR L=MINNEUTRALAXIS TO 40 DO

| : WRITELN(PR’I‘213 IN'I'ERDATA[I].RCPRA’I'IO[SIZE] 7.4,

| IN'I'ERDATA[I]RCEXCEN[SIZE] 7:4INTERDATATT]. RCONC[SIZE] 7:4);

END.
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I ¢ -

PROGRAM BUCKDEF(DATA,INFILE,OUTPUT);
{This program gives the relationship between Buckling deflection and Curvature with) -
{various values of the initial imperfection.} -~ =0
{SR = Slenderness Ratio = L/H and the Initial Imperfection = X*L} '

CONST PI=3.141593 ;" '~

H=10; /s Gepg i e

" DATA,INFILE : TEXT:" 17
X . EXEN SR :REAL

" CURV : INTEGER ;

BEGIN || o Ll i
WRITELNCINPUT X ;o0 i
RESET(INFILE); | ¢ "

- READ(INFILE, X);
 REWRITE(DATA) ; ~ \ |
WRITELN(DATA,' INITIAL IMPERFECTION = *X:8:6,'L ; |

WRITELN(DATA," L/H E/H  H/R*0.001 °;

. WRITELN(DATA, ey
SR:=2885; Fiidn o
CBEGIN Lo SETE S

WRI'IELN(DATA,’I4’)
- FOR CURV :=0 TO 13, DO
BEGIN ‘
- EXEN =(((1/SQR(PI))*H*CURV*O 001+ SQR(SR)) + (x* SRIH ;
© WRITELN(DATA,SR:4:2, EXEN:16:4 , CURV :11);
WRITELN(SR42 EXEN:16:4 CURV: 11)
IR (SR 3= 20, 0) THEN SR := SR +9.61 |
i ELSE SR -SR+5O
UNTIL SR> 60.0 ;

END. LS
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PARAMETER(IDI—IOO) |
COMMON /BLK1/ XMIN,XMAX,YMIN,YMAX
DIMENSION X(IDD,X1(IDI),Y 1(IDD,Y (1) ISIMB(10),
+SETN(15),SET2(15),SET3(15)IDASH(4),SS1(15),552(15).$53(15)
CHARACTER FIGNUM'S _ -
CHARACTER*ZO LEGEND(15)FIGNUM*4
DATA ISIMB /12,1,2,3.4,1821,22,5,11/
DATA IFCU,IFY,AS DH/20460,0.8,0.8/
data idash/3,8,38/ .
DATA LEGEND JLEGEND $BELOW MID-HEIGHT §',
+ , 'ABOVEMID-HEIGHT §, ‘AT MID-HEIGHT
PR]Ni* ' ENTER FCU, FY,AS,D/H'

READ* FCUJIFY,AS.DH
PR]NT* ENTER XMIN,XMAX YMIN,YMAX FOR THIS PLOT'
READ*,XMIN,XMAX YMIN,YMAX
PRINT*,’ a

PRIN'I"' EN'I'ER THE NUMBER OF DATA SETS TO BE PLOTTED'

READ(S "‘)NSET
PRIN'P" ENTER THE FIGURE NUMBER *

READ( (A5)')FIGNUM

PRINT*," ENTER THE SEGMENT NUMBER '
READ*NSEG ., \
PRINT*,’ EN'I'ERTHEPAGE NUMBER'
READ*, PAGE.

CALLGROUTE('LIST D R
CALL GOPEN

CALL GSEGWK(O)

CALLGSEGCR( )

READ(I *) FCU, NAXIS FY,STAREA
- READ END POINTS AND STOR THEM IN SET1,SET2,SET3

DO 300 I-l,NSET
‘ READ(I *)SET1(D), SETZ(I) SET3(D)

UGHOOOIO
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UGH00030
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UGHO00060
UGH00070
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UGHO00100
UGH00110
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UGH00160

UGHOOUb
UGHO00180

) UGH00190

UGH00200
UGH00210
UGH00220
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UGH00240
UGH00250
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CONTINUE
CALL GLIMIT (XMIN.XMAX,YMIN,YMAX 0.0.)
CALL GVPORT (40.,115.,130.,120.)

CALL BGRAF(40.,115.,130.,120.) -

CALL GCHARF(COMP")

CALL BAXLAB(3..2..999,999)

CALL BAXIS(1,XMIN, 1. XMAX, Curvature h/r (0.001)$)
CALL BAXLAB(3.2.,1,0 )

CALL BAXIS(2,YMIN,0.1, YMAX, Eccentricity e/h §)
CALL BFRAME(02)

CALLGCLIP =

DO 310 K=1,NSET

READ IN THE NUMBER OF POINTS FOR SET NUMBER K
READ(1,*)NPT -
READ THE PRATIOX,Y OF DATA SET K

DO 180 I=1 NPT

READ(1,)PRATIO,Y(D.X(T)

PRINT*, PRATIO,Y(M.X(®) .

CONTINUE
IF(SET3(K).LT.0.).OR.(SET2(K).LT.0))THEN
SET3(K)=XMAX

SET2(K)=Y(NPT)

ENDEF

CALL BMARK(ISIMB(K),0) . °
CALL BLICOL (K) -

CALL BLIWDH (0.1)

DRAW THE END POINTS LINE DASHED
CALLBLICOL(1) = i . ... .
CALLBDASH(7) . ... .

- CALL BLINE(SET3,SET2,NSET) - .

READ(1,*) FCU, NAXIS FY,STAREA -
READ END POINTS AND STOR THEM IN SET1,SET2,SET3

J e L

DO3301I=INSET =~ ~* '~

UGH00360
UGHO00370
UGHO00380
UGH00390
UGHO00400
UGH00410
UGHO00420
. UGHO00430

UGHO00440 -

UGH00460
UGHO0480
UGH00490
UGHO00500
UGHO00510
UGH00520
UGHO00530
UGHO00540
UGHO00550
UGHO00560
UGHO00570
UGHO0580
UGHO0590
- UGH00600
UGHO00610
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UGH00640
UGHO00650
UGHO00660
UGHO00670
UGHO0630
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UGHO0710
UGHO00720
UGH00730
UGHO00740
UGHO00750
UGHO00760
UGHO00770
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- READ(1,%)S1,52,S3

CONTINUE
DO 320 K=1,NSET
READ IN THE NUMBER OF POINTS FOR SET NUMBER K
READ(1,*)NPT :
READ THE PRATIO X,Y OF DATA SETK
DO 185 I=1,NPT
READ(1,*PRATIO,Y(D).X®) ' -
CONTINUE = o
X(NPT+1)=SET3(X) .
Y(NPT+1)=SET2(K)
IFKGT.)THEN @ 0 o
KO=K-7

" KO=K-

ENDIF .
CALL GWICOL (-1.KO)
CALL BBLINE(X,Y NPT+1,0.1)
CONTINUE

CALL GNCLIP

CALL GRESET

CALL GVPORT(30.,55.,130.,30.)
CALL GCHARF(COMP)

CALL GCHAR(F<C<U$',117.,76.,3.0)

CALL GCHAR(= §',130.,76.3.0)
CALL GNUMB(  FCU 9999..9999..3.0,0)
CALL GCHAR( N/mm>2$',9999..9999.3.0)
CALL GCHAR(F<Y$',117.,70.,3.0)

CALL GCHAR(= §',130.,70.,3.0)

CALL GNUMB(FLOAT(IFY).9999..9999..3.0,0)
CALL GCHAR( N/mm>2§',9999.,.9999.,3.0) "'

CALL GCHAR('%A<S$",117.,64.,3.0)

- CALL GCHAR(= $,130.,64.3.0) " :- 0 s

CALL GNUMB(  AS ,9999.,9999.3.0,1)

CALL GCHAR('d/h$',117.,58.,3.0)
CALL GCHAR(= $',130.,58.,3.0) * -

UGHOO780
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UGHO00810
UGHO00820
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UGHO00850
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UGHO00880
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UGHO00930
UGHO00940
UGHO00950
UGH00960
UGHO00970
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CALL GNUMB( dh ,9999.,9999.,3.0,2)

CALL GVPORT(25.,25.,140.,20.)

CALL GCHAR ( Fig.$',35.,40..3.)

CALL GCHAR (FIGNUM,9999.,9999.,3.)

CALL GCHAR (" Eccentricity vs Curvature relationship for$
+',9999.,9999.,3.)

CALL GCHAR ( Long-Term loading.$',35.,34.,3.)
CALL GLIMIT (XMIN, XMAX,YMIN,YMAX,0.,0.)
CALL GVPORT(40.,115. 130 120.)

CALL GWBOX(130/120., 1 0)

CALL GSCALE

END POINTS AND STOR THEM IN SET1,SET2,SET3

DO 350 I=1,NSET
IF(SET3(@)+1..GEXMAX)THEN
SS3(D=XMAX-1.0
ELSE
SS3(D=SET3(D)+0.3
ENDIF |
IF(SET2(1).GE.YMAX)THEN
SS2()=YMAX-0.03
SS3(M=17.0
ELSE
SS2(=SET2(D)
ENDIF
CONTINUE
CALL GCHARIJ(2)

~ CALL GCHAR(P/P<0 = $'2.4,852(1)-0.02,2.)

CALL GNUMB(SETI1(1),9999.,9999.,2.,2)

CALL GCHARJ(0) ‘

next line change the second number

CALL GNUMB(number, x-cord,ycord,hight, decimat)
CALL GNUMB(SET1(2),S53(2)+0.1,552(2)-0.02,2.,2)
this for data set 3 to nset '
DO 181 LL=3 NSET

: CALL GNUMB(SETI(LL) SS3(LL)+0.1 SSZ(LL) 2.,2)

CONTINUE
CALL GVPORT (40.,235.,130.,20.)

CALL GSCAMM

CALL GNUMB(PAGE,100.,255.,2.,0)

UGHO01180
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CALL GCLOSE
STOP

END
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UGHO01580
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PARAMETER(DI=100)

COMMON /BLK1/ XMIN,XMAX,YMIN,YMAX

REAL IPAGE

. ;- DIMENSION X(IDI),X1(IDI),Y1(IDD),Y(IDI),ISIMB(10),
- +SETI(15),SET2(15),SET3(15),IDASH(4),SET4(15)

CHARACTER FIGNUM*5,DUM*80

CHARACTER*20 LEGEND(15) FIGNUM*4

DATA ISIMB /12,1,2,3,4,18,21,22,5,11/

data idash/3.83.8/ .
DATA LEGEND /LEGEND $ 'BELOW MID-HEIGHT
+ ., 'ABOVEMID-HEIGHT $,AT MID-HEIGHT §/

PRINT*,' ENTER XMIN,XMAX,YMIN,YMAX FOR THIS PLOT

READ* XMIN, XMAX,YMIN,YMAX
PRINT*,” '

PRINT*," ENTER THE NUMBER OF DATA SETS TO BE PLOTTED'

READ(5*)NSET . _
PRINT*,’ ENTER THE FIGURE NUMBER *
READ(*(AS5))FIGNUM
PRINT*, ENTER THE SEGMENT NUMBER *
READ*NSEG ,
PRINT,' ENTER THE PAGE NUMBER
READ*,PAGE . |
" CALL GROUTE(LIST ')
CALLGOPEN .
CALL GSEGWK(0)
CALL GSEGCR(I )

CALL GLIMIT (XMIN,XMAX,YMIN,YMAX,0.0)) -

* CALL GVPORT (40.,115.,130.,120)

CALL BGRAF(40.,115.,130.,120)

' CALL GCHARF(COMP')

CALL BAXLAB(3.2.999,999)

CALL BAXIS(1,XMIN,1..XMAX, Curvature b/ (*0.001)$")
CALL BAXLAB(3..2.,10 )
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CALL BAXIS(2,YMIN,0.1, YMAX, Eccentricity e/h$’) UGHO00360
- UGHO00370
. CALL BFRAME(0.2) | UGH00380
e UGHO00390
¢ CALLGOLP UGHO00400
C UGHO00410
DO 1991 I=1,4 UGHO00420
1991  REAIX1,1990)DUM | ~ UGH00430
1990  FORMAT(80A1) . UGH00440
DO 320 K=1,NSET ; UGHO00450
C  READ IN THE NUMBER OF POINTS FOR SET NUMBER K UGHO0460
READ(LYNPIT UGHO00470
C . READ THE PRATIOX.Y OF DATA SET K ' UGHO00480
DO 185 I=1 NPTT UGH00490
.~ READ(L,%SETI(K),Y(MD.X(X) UGHO00500
185 CONTINUE . UGH00510
SET2(K)=(Y(NPTD)-Y(D))/(X(NPTT)-X(1)) UGH00520
DO 187I=INPTT - UGH00530
IF(Y(D).GT.YMAX).OR.(X(D). GT.XMAX))THEN UGHO00540
© - IR(Y(D.GT.YMAX).AND.(X(I).LE.XMAX))THEN UGHO00550
C o SET3(K)= YMAX 0 . UGH00560
oo YYSY(@D-YMAX o S UGHO00570
. XX=YY/SET2(K) o | UGHO00580
G XM=XM-XX ‘ UGHO00590
ELSEIF(GX() GT.XMAX). AND.(¥().LE.YMAX) THEN - UGH00610
 SET4K)=XMAX - = . ... _ UGHO00620
o XX=XMAX e UGHO00630
L YYSXXSSET2K) UGH00640
Lo Y(D=YY ‘ ‘ UGHO00650
ELSE | | | UGH00670
. SET4(K)=XMAX | UGHO0680
++: SET3(K)=YMAX ' UGH00690
ENDIF .+ o UGH00700
NPT=L 0 o | UGHO00710
GO TO 186 : | : . UGHO00720
BLSE ¢ terioin ‘ | ~ UGHO00730
NPT=I, - o 1 UGH00740
SET3(K)—Y(I) TR e WO e UGHO00750
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" SET4(K)=X()
ENDIF '
CONTINUE
CONTINUE
PRINT* SET2(K)
' IFK.GT.6)THEN
' KO=K-6
. ELSE

'KO=K
CALL GWICOL (-1..KO)
CALL BLINE(X,Y,NPT)
CONTINUE

CALL GNCLIP

CALL GRESET

CALL GVPORT(30.,55.,140.,30.)
CALL GCHARF(COMP)

CALL GVPORT(25.,25.,140.,20.)

' CALL GCHAR (Fig.$'35.775.3)

CALL GCHAR (FIGNUM ,9999.,9999.,3.)

CALL GCHAR (' Buckling deflection vs curvature relationship$
+',9999.,9999.,3.)

CALL GCHAR ( with initial imperfection of 0.000568L.$
+,35.,69..3.) |

CALL GLIMIT (XMIN,XMAX,YMIN,YMAX,0.,0.)

CALL GVPORT(40.,115.,130.,120.) "

CALL GWBOX(130/120.,1.0.)

CALL GSCALE

END POINTS AND STOR THEM IN SET1,SET2,SET3

' PPI=180./3.141592654

DO 350 =1 NSET
ANGL=PPI*SET2(T)

IANGL=NINT(ANGL)

CALL GCHARI(2)

CALL GCHARA(IANGL)

PRINT* JANGL -

CALL GCHAR(L/H = § SET4(D)-1..SET3(1)+0.01,2)
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- CALL GCHARJ(0)

CALL GNUMB(SET1(1),9999..9999.2.0)
CONTINUE

CALL GVPORT(40.,235.,130..20.)

CALL GSCAMM = .

CALL GNUMB (PAGE,100..255.2..0)
CALL GSEGCL(1)

CALL GCLOSE

STOP

END

UGH01160
UGH01170
UGH01180
UGHO01190
UGH01200
UGHO01210
UGH01220
UGH01230
UGHO01240
UGHO01250

APPENDIX A



235

' APPENDIX B

METHODS TO FIND END-POINTS OF LOAD
" ECCENTRICITY-CURVATURE GRAPHS

[1]. Alterpative method for the trapezoidal rule (See section 3.4.2)

i,

foolbr e ————— ——
e Parabelic curve \/
f
e Stress| 1o : co_

. b
X : PR ‘\\\
RED
-
8’)————-——-—-«——-—-——— - - — — o]

|
1
. 1
S :
i ;
| ; 1
t
i |
| { ‘»X
; '€ | Strain u '
..Fig.B.1 : Stress-strain curve for normal weight concrete.
The equation for the parabola is given as:
y1=ax1-bix2 +cp | (B.1)

Using the boundafy conditions to define the constants, the following equation results:

R T - - @
y1=1f - B.2
‘ co(zeo.f&) B.2)
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The total area of the stress-strain block:

X15€o X2<&cy
A= Jyl dx1+ [feodx2
1 &

A=fc0[

x2_ x3
&  3&?

x1<g, X2<Ecy
} + feo [xz]

0 : %

And the centroid is given by:

_ X15Eo L | X2<€cy

X A= 0[)/1 x1dxy +  [x2 foo dx2
£

P

X150 L . ‘X25€‘<‘:u

_ 2 3
x A=f, [(ZL. %) dx1 + foo sz dxz
& &

£

ff
0 ‘ €

'Examples:
(a) When x = g:
s >A=fco[€o - %g]=%£ofco.
8
(b) When x = g¢y:

B A?g‘eofco"'fco(ecu'ﬁo)
(6-€02/ecu?)

-1
Tl
T e e

2 ]X2S€cu

(B.3)

| (B.4)

(B.5)

(B.6)

(B.7)

(B.8)
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(see section 3.4.2)

k-x
.t D61k,
A 1 A_S_ T ] 7‘@0" . €51 k’; tl{'c
L?— 2 9 1= Na _ 4 p—— _Pa
~h ool cA
{ [
N n sl & B >re
T ’v b . y

esl=i;§13c; o - B - X
8*52;.«1;_*%' B SR SR AR : (B.lo)_
k= 1% | | (x“Sh.) - | (@®B1D)
k=ilz- 30+ 127 ®.12)

 where:n=—2  (seeFigB.l)
NEPRRORE R i &ll notil T A ay E . SR

ey e |
M = Pe (0.5h - ko ) about C.A | (B.14)
Ps =Ps1 -Pa =151 %-s' fsz%s- (B.15)
Mg =Pg; (0.5h-d) +Pg (d-05h)  about C.A @16
“Prc =P +Ps=P ” o @1
MRc;M'c+Ms=M o | - (B.18)
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c=p (B.19)
1t (B.20)
Ym = 1.0 | (B21)

The problem described in section 3.4.2 regarding the trapezoidal rule, arises when
the neutral axis depth x is within about 0.2h or less from the top of the section, therefore
€52 2 €y and fgp = fy. Two cases to be considered here:

Case (1 When &51<¢gy

Equation (B.17) becomes:

P =067 fou ki x b+ Es &g ‘ (B.22)
P =067 feukixb+ (—";‘-‘—) s 5ok | B23)
{067 feu kg bx2+ (ecuEs%i- £ 25 - P)x -ecaBs 35 d = 0 B24)
ase (2 Wheh 8s1?€y this gives fs1 =fy

Equation (B.17) becomes:

[P = 0.67 fog ki X D] | (B.25)

‘ The ratio P/Pg is known for each curve, Pg can be determined from Eq.(3.8),
* therefore P is known. The only unknown left ‘in either Eq.(B.24) or Eq.(B.25) is the
~neutral axis depth x, which then can be evaluated. Hence, the eccentricity and curvature -
can now be determined from Eqgs.(B.19) and (B.20) respectively and the end point is
precisely calculated.
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