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ABSTRACT

The work described in this thesis consists of three phases:

Phase I -~ Uniaxial analysis: A computer program has been written
in a form suitable for calculating the failure loads for a large number of
eccentrically~-loaded, circular or rectangular concrete-filled columns,

using the uniaxial material properties and the part cosine-wave assumption.

The experimental failure loads of 22 eccentrically-loaded square and
rectangular columns are compared with the computed loads, and a satis-
factory agreement is found, i.e. triaxial effects are negligible for the

columns tested.

Phase II - Stub columms: The elasto-~plastic biaxial stresses in
the steel are calculated from observed strains for 14 of the available
tests on concentrically-loaded stub columns, using the generalised flow-
law for plastic solids. The triaxial stresses in.the concrete are then
galculated from simple statics. It is found that near failure the
longitudinal compression in the steel is approximately equal to three-
quarters of the uniaxial yield stress, and the hoop tension is half the
longitudinal compression in magnitude, while the longitudinal compression

in the concrete core is twice the strength of uncontained concrete.

The equivalent longitudinal 'stress-strain relationships! for the
steel and concrete are represented by equations, and a formula is given

for predicting the failure load of concentrically-loaded stub columns.

Phase IIT -~ Triaxial analysis: Moment-load~curvature characteristics



are experimentally determined for 35 circular columns comprising 7 tube
thicknesses with 5 levels of axial load for each thickness. Triaxial
effects are found to be insignificant when the axial load is less than
40 per cent of.the sum of the uniaxial compressive strengths of the steel
and. concrete, For higher axial loads, triaxial effects are taken. into
account by using the equivalent stress-strain relationships of Phase II

in a semi-rational analysis.

All the experimental moment-load-curvature characteristics are

" numerically simulated on a digital computer.
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cross-sectional areas of the concrete and steel;
areas of the concrete and steel in a strip;
breadth of a rectangular tube;

external and intermal diameter or depth;
Young's moduli of the concrete and steel;
tangent-moduli of the concrete and sfeel;

end eccentricity of the load;

elastic component of strain;

eccentricities about the major- and minor-axis;

fictitious end eccentricity representing initial
out-of-straightness; '

yield functiom;
cube and cylinder strength of the concrete;

distance from the centroidal axis of the cross-section
to the centre of a strip;

moments of inertia of the concrete and steel;
radius of gyratiom;
half cosine wave length;

effective length of the column;

maximum calculated and test moments;

external and internal moments at the mid-height
section of the columm;

-internal moment;

modular ratio (= Es/Ec)

failure loads of a concentrically-loaded column about
the major~ and minor-axis;

loads carried by the concrete and steel;

failure load of a concentrically-loaded concrete-
filled stub column;



Pi internal axial force;

P nominal squash load = A O + A O ; ’

L } sy cm

Pm _ calculated maximum load of an eccentrically-loaded
column;

PT ' test failure load;

Pi load up to which strain readings are available
(Chapter 3);

Pu approximate fallure load of a concentrically-loaded

stub column (Chapter 5);

Pw working loéd;

’Px’ Py calculated f%ilure loa§s upde¥ uniaxial'bending
about the major- and minor-axis respectively (Chapter 2);

ny calculated failure load under biaxial bending;

P ‘ load on a concentrically~loaded stub column at the

y first yleld of the steel (Chapter 3);

P plastic component of strain;

Ql’ Q2, eees Qn generalised stress components;

t thickness of the tube wallj;

We work done by the external agendy during a cycle of

loading and unloading;

WT total work done;
Y ' distance of the neutral axis from the cenﬁroidal axis;
Yi dista?ce from the centroidal axis to the centre of
a strip;
Yo . value of Y at the mid-height section of the column;
v total deflection;
Yo total deflection at the mid-height section;
Yoc " initial central deflection;
o - 1/y
B GSH/OgL

B, V1 - +8?

S - additional deflection under the load;



sH’ “sL
e _p
€en? B

cR

€
sl

&

value of & at the mid-height secti.on;
deflections at points 1, 2 and 3 (Figure 4.2A);
strain;

maximum compressive strain in the concrete of an
eccentrically-~loaded column under the maximum load;

longitudinal and radial strains in the concrete;
volumetric strain in the concrete;

strain at the centre of a strip;

strain corresponding to the peak stress in the
concrete under uniaxial compression or flexure
(Figure 2.2);

hoop and longitudinal strains in the steel;
elastic and plastic components of the hoop and
longitudinal strains in the steel;

yield strain of steel;

strains in gauges 1, 2, 3 and & (Figure 4-2B);
initial imperfection parameter;

(20

sL ~ OEH)/(ZOQH -

0,05
material~factors for the concrete and steel;

a constant used in the failure criteria for
concrete (equation 3.21);

Poisson's ratios for the concrete and steel;
curvature;

curvature at the mid-height section;

initial central cuxrvature;

stress;

stresses in the centre of the i-th strip for the
concrete and steel;

longitudinal and radial stresses in the concrete;

OEL + 2 OER;

peak stress in the concrete under uniaxial compression

or flexure;



hoop and longitudinal stresses in the steel;
yield stress in the steel;

principal stresses;

shear stress;

shear stress in the concrete.



CHAPTER 1

INTRODUCTION

1.1 GENERAL

Tubular sections, either empty or filled with concrete, are being

increasingly used as structural members. The recent uses include the

roofing of sports buildings in France (1'1), the Boeing 747 hangar at
London 'Airport (1'2), port installations, domes and bridges in Italy (1'3),
masts, towers, signal gantries (1.4) and a 32-storeyed building (1.5) in

(1.6)

Belgium, piers for a four-level motorway interchange in England, etc.

When a tube is acting as a compression member, filling the tube with
concrete is advantageous because it increases the load-carrying capacity
without increasing the size of the colummn. The tube shutters the concrete,
and protects the surface from damage. The concrete inhibits wrinkling of

the tube.

Due to the large strain capacity of filled tubes there may be appli-
cations where seismic loading can occur. The filled tube also appears to

offer some advantages in piling.

However, for application in building, the fire resistance of filled
tubes needs to be established, and there is at present conflicting evidence
as to the increase of resistance afforded by the filling. The possibility

of the tube bursting due to fire or due to freezing needs further inves~

tigation.



For small diameter tubes there may be some difficulty in ensuring
that no voids occur and for this reason factory-filled tubes appear

advantageous. For bridge columns the diameter may be such as to allow

full site inspection.

The exterior of a filled tube is exposed to the same corrosive action

’ . - . 1.7
as any other steel structure, and requires similar protection ( ).

The design of joints with columns of the adjoining floor and with

beams is being studied at the present (1'8).

In this country, tubular columns received increased attention fol=
lowing a decision (1963) to use this type of column in the multi-level

(1.6).

interchange between motorways M4 and M5 at Almondsbury There was

no suitable Code of Practice, and 35 concrete-filled columns were designed
and constructed on the basis of exploratory tests (1.9) conducted at the
Building Research Station and Imperial College. A programme of research
was then initiated at Imperial College to provide design data in respect
of tubular columns. Considerable work has since been done at Imperial
. \

College on composite columns in general, in connection with the preparation

(1.10)

of CP 117 (Part 3) - Composite Columns . The current investigation

forms part of the overall programme.

Before the programme of research may be discussed it is mnecessary to
give a brief description of the structural behaviour of concrete-filled
tubular columns. This may best be done by taking the two limiting cases
of eccentrically-loaded columns, namely (i) a short length (1/d ==35, say)
of filled tube, called a stub column, subjected to concentric loading only,

and (ii) a filled tube of any length subjected to bending alone.

In the first limit, when a stub column is loaded concentrically, in -

the early stages of loading the Poisson's ratio for concrete is lower than



for steel, and the steel has'no restraining effect on the coricrete corec.
As the longitudinal strain increases, however, the lateral expansion of
.uncontained concrete gradually becomes greater than that of steel. A
radial pressure therefore develops at the steel-concrete interface,
thereby restraining the concrete core and setting up a hoop tension in
the tube. At this stage the concrete is stressed triaxially and the
steel biaxially,. As the hoop tension increases the longitudinal com-
pression in the steel decreases while that in the contained concrete
increases. The fajilure load of all practical stub columns is consider:
ably greater than the sum of the uncontained compressive strengths of the
steel and concrete, because the loss of longitudinal compression in steel

is more than compensated by the augmentation of the strength of concrete.

In the second limit, when the filled tube is acting like a beam, a
large part of the concrete is cracked and triaxial effects are negligible.
Therefore the behaviour of a filled tube under bending alone, may be cal-
culated from the uniaxial streés-strain propertieslbf the steel and concrete.

Thus the concentrically-loaded stub column shows the maximum triaxial
effects while the beam has no triaxial effécts. Any intermediate case of
of a beam~column, i.e. eccentrically-loaded columns or long columns, has

an amount of beneficial triaxial effects dependent primarily on the length

and eccentricity.

The overall programme of research into the behaviour of filled tubes

was planned at Imperial College in three phases:

Phase I: Uniaxial analysis -~ The failure load of eccentrically-
loaded columns was to be calculated from uniaxial material properties both

by determining the exact deflected shape and by assuming this shape to be

(1011).

part of a cosine-wave These loads would then be compared with
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experimental failure loads to confirm the theory and to establish the

slenderness and eccentricity beyond which triaxial effects are negligible;

"Phase II: Stub columns - A series of tests on concentrically-
loaded stub columms was planned to study and analyse the maximum triaxial

effects that may occur in a filled tube.

Phase IIL: Triaxial analysis - The comparison of experiments with
the uniaxial analysis may determine the slenderness and eccentricity below
which triaxial effects are significant. However, the difficulties inhérent
Vin a triaxial analysis of an eccentrically-loaded concrete-filled tube,
where the cross section is subjected to non-uniform longitudinal com-
pression, can be appreciated. In such an analysis the column must be
treated as a three-dimensional continuous medium, with appropriate boundary
conditions. For concrete-filled tubes the medium is not homogeneous, con=-
sisting as it does of the concrete core and the steel shell, The problem
is further complicated by the absence of any suitable theory for the

inelastic deformation of concrete under three unequal principal stresses.

From the above considerations, a rigorous triaxial analysis seemed
impracticable, and it was intended to account forbtriaxial effects iﬁ
eccentrically-loaded columns by incorporating experimentally determined
moment-load-curvature relationships in the column analysis. It was
anticipated that the knowledge of triaxial effects in stub columns (Phase II)
would assist the numerical siﬁulation of the experimental moment-curvature

relationships.

"Prior to this investigation, in Phase I, 18 eccentrically-loaded

circular columns were tested at Imperial College, and it was shown (1.12,1.13)

from the results of these experiments and of experiments conducted

(1.14, 1,15, 1.16)

elsewhere that the uniaxial failure load is in good



agreement with the experimental load for columns with 1/d ratios greater
than 15, and that for shorter columns with mearly concentric loading tri-;
axial effects may.be significant. It was also shown that the part cosing-
wave assumption greatly simplfies the analysis and gives failure loads up to
only 5 per cent less than the failure loads computed by the exact approache.
However, a computer program suitable for calculating a large number of
failure loéds, and data on square and rectangular columns were not available

at the onset. of this investigatiom.

In Phase I1, 22 concentrically-loaded stub columns were tested at

(1.12) (1.17,1.18)

Imperial College , and similar tests were done elsewhere

It was at this stage that the present investigation was started, and

its objectives are discussed below.

1.2 PURPOSE OF THIS THESIS

Phase I: Uniaxial analysis - Since only those columns which have
1/d ratios less than 15 and nearly concentric loading, show significant tri-
axial effects, it was decided to develop a computer program suitable for the
production of failure load tables for a comprehensive range of sectioms,
based on the uniaxial'material properties and the parﬁ cosine-wave
assumption. These tables would give an accurate estimate of the failure
load where triaxial effects are negligible, and would give an interim,
but conservative estimate where triaxial effects are significant.‘ When
the triaxial analysis (Phase II1I) is complete it is intended to replace

the tabulated uniaxial loads by the augmented loads wherever mnecessary.

Phase I also included the testing of square and rectangular columms for
a confirmation of the computed load, so that the tables could include square

and rectangular sections as well,



Phase 11: Stub columms - The biaxial stresses in the steel were
to be calculated from experimentally observed strains, throughout the
elasto-plastic range, for a selection of existing stub column tests. The
caléulatidn of the post-elastic biaxial stresses in steel, from known load-

strain relationships, is not straightforward; this was to be accomplished

by using the generalised flow-law for plastic solids.

Once the stresses in the steel are knowﬁ from experimental load-strain
relationships, the étresses in concrete may be calculated from simple -
statics.. This would give the ?equivalent' relationship between the longi-
tudinal stress and longitudinal strain for the biaxially stressed steel and
the triakially stressed concrete. It was anticipated that these equivalent
stress-strain relationships would be of use in Phase III for numerically

- simulating the experimental moment-load-curvature characteristics.

Phase II1: Triaxial analysis - The objective of this investigation
in Phase 111, was to test a number of sections under fixed axial loads and
increasing end moments in order to determine the load-moment-=curvature
characteristics, The objecfive also included the numerical simulation
of the experimental moment—load-curvature‘characteristics on a digital

computer,

The method of predicting the failure loads, for a givem length and
eccentricity, from predetermined moment-load-curvature characteristics of

(1'20)., This thesis presents a method of gene-

the section is well known
rating moment-load-curvature relationships in agreement with experiments,
therefore it is now possible, in principle, to predict the failure loads
of eccentrically-loaded columns, taking triaxial effects into account.

The reason why this final objective is not fulfilled, as a part of the

present investigation, is discussed later.
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CHAPTER 2

FATILURE LOADS BASED ON UNIAXIAL MATERIAL PROPERTIES

2.1 INTRODUCTION

Neogi, Sen and Chapman (2.1) showed that failure loads of circular

columns, calculated én the basis of the part-cosine wave assumption and
the uniaxial stress-strain relationships for the steel and concrete were
in good agreement with the test loads of slender colummns (1/d = 15).
For shorter columns the test load may be greater than the failure load,
because of the augmentation in the strength of concrete due to triaxial
containment. The difference between the test load and calculated load
of short columns was found to vary inversely with the eccentricity.

For example, for 4 circular columns with 1/d varying between 8.8 and 10.4
and ef/d between 0.2 and 0.6, this difference was insignificant, whereas
for 10 columns with 1/d between 4.4 and 10.4 and e/d between 0.001 and
0.01, the said difference varied between 0.34-and 0.13 of the calculated
load. Thus columns which show appreciable triaxial effect have small

1/d and nearly concentric loading.

It was decided to produce failure load tables for a comprehensive
range of circular sections using the uniaxial material properties, bécause
for many practical columns it is unnecessary to take triaxial effects into
account., A computer program was developed, as a part of the present

investigation, in a form suitable for calculating the failure loads for



a large number of eccentrically-loaded, circular or rectangular colummns. °

Although the computer program was designed to deal with square
and rectangular sections, production of failure load tables for these
sections could not be undertaken because experimental evidence was npt
available. Therefore, 4 series of tests comprising 22 specimens were
plaﬁned. The tests were sponsored by the International Committee for
the Study and Development of Tubular Structures (CIDECT), and the speci-
mens were manufactured and tested by Guiaux and Dehousse (2.2) at Liege.
University. The test loads were found to agree well.with calculated

failure loads, and it was resolved to produce failure load tables for a

range of square and rectangular sections as well.

The development of the computer program, tests on square and
rectangular columns and the influence of various paramecters on the
behaviour of the column are described in this chapter. Long-~term
loading and initial imperfection have been taken into account in the
calculation of failure loads. The failure load tables are with the
printer at the time of writing this thesis, and are expected to be
published in the near future és a separate document. This chapter

contains sample tables for ome column section only.

Failure loads for all 35 of the concrete-filled columns now in

(2.3)

service at the Almondsbury Interchange are calculated and the

load factors are tabulated in section 2.10.
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2.2.1

COMPUTER PROGRAM

Theoretical assumptions

The assumptions on which the computation is based are listed below:

(1)

(2)

(3)

(4)
(5)

(6)

(7)

2.2.2

Uniaxial stress-strain relationships are used for the steel and
concrete, i.e., the triaxial effects, if any, are neglected.
The concrete takes no tension and the steel has identical

stress-strain properties in tension and compression.
Both stress-strain curves are reversible.

Complete interaction takes place between the steel tube and the

concrete core, and plane sections remain plane after bending.
Failure due to local buckling or due to shearing does not occure
The column bends in the form of a part-cosine wave.

The peak of the load-deflection curve for the mid-height section

of the column is taken as the failure load of all eccentrically-

loaded columns and of axially-loaded columns with initial

out-of-straightness,

Practical columns have a sinusoidal imperfection.

Uniaxial stress-strain relationship for steel

The assumed uniaxial stress-strain relationship for steel is shown

in Figure 2.1. The curve is a second degree parabola tangential to both

straight lines. The stress-strain relationships are given below:



when o-<8<k8y : o=E . ¢ ' . (2.1)
It can be shown that St = Sy (2 - k), and

when k8y< € <8t

(¢ - ksy)
= - - 2.2
o= ko +E (e -ke) [ 1-7q oy e (2.2)
. - ke
g, = 39 _g 1.(8 K€y (2.3)
Ts de s 2 (1 - k) Sy
and when 8>8t o= O‘y ' (2-.4)

Equations 2.1 to 2.4 are valid for all values of k excepting k = 1,

when St = Sy and only equations 2.1 and 2.4 are used.

By varying the value of k the effect of residual stress may be
taken into account and actually rounded stress-strain relationships
approximated. k is taken as unity throughout this investigation

unless otherwise stated.

2.2.3 Uniaxial stress-strain relationship for concrete

The stress-strain relationship for concrete is expressed in the

polynomial form originally used by Basu (2'4).

> - 0.045 (-g——)l* (2.5)

= 2.41 () - 1.865 (-g——)2 +0.5 &
. m m

g
o
m m m

A plot of equation 2.5 is shown in Figure 2.2. Beyond% = 4,
m
Ry rapidly drops to a negative value. However, such a high strain

C
m

never occurs in practice. This is discussed later in section 2.9.
The rising part of the curve is close to Hognestad's parabolic stress-

.strain relation, and the entire curve is a good approximation of the



(2.6)

experimental curves obtained by Barnard in a series of recent

tests at Cambridge,

One advantage of equation 2.5 is that Sm may be given any chosen
numerical value. Sm does not seem to alter significantly with the cube
strength, and a value of 0,0025 is chosen for short-term loading, after
studying Barnard's experimental curves. It is shown later in section 2.7
that a variation of Sm within certain limits has a relatively small

effect on the maximum load of a column.

(2.1)

Oﬁ = O.8fCu gives good agreement with experiments s, and this

value is used in all computations.

2.2.4 Part-cosine deflected shape

The column is assumed to deflect in a part-cosine curve shown in

Figure 2.3 and given by

y = y_ cos (%E | (2.6)

(o}

and the curvature D at a point z is given by

- 2
p=-5 y, cos (2.7)
. | |
At z =0
Py = -5 .y, (2.8)
L
and at z = %

whence L = (2.9)
2 Cos~
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substituting 2.9 in 2.8

| -1 2
pO = = -4_2 Cos (E—) . yo (2- ].0)
1 Yo
Equation 2.10 gives the relation between the total central < lection-

Yo (=e+ 50) and the central curvature po.

In Figure 2.3 the initial shape of the column is shown straight.

The case of an initially bent column is dealt with later in section 2.6.

2.2.5 Force and moment for a given strain distribution

The linear strain distribution across a section may be specified by
the cufvature'p and the distance Y of the neutral axis from the centroidal
axis. To obtain the internal force and moment, Pi and Mi’ by a simple,
repetitive, numerical approach the steel in the section is divided into
j + k strips and the concrete in k strips (Figure 2.4). The areas of
the strips may be calculated by simple algebra. Strain at the centre
of the ith strip is given by g, = p.Yi, the corresponding stress Géi-
(or Oéi) may then be calculated from the relevant stress-strain relation-

ship. It follows that

j+k k '
Pi = §i — ASi crsi + 1§= ) Aci Gci (2.11)

Assuming that the internal force in each strip acts through the middle
of the strip (which, in case of a circular tube, is not identical with

the centroid),

j+k k
M, = §i=i A G 0, + 12—1 Ay Gy Oy (2.12)

j =10 and k = 20 are found to give values of Pi and Mi close to

values calculated by rigorous integration. The merit of the strip-method



lies in its repetitiveness and its ability to accommodate any stress-

strain relationship without involving complicated algebra.

2.2.6

Numerical steps

The computational procedure consists of calculating the loads

corresponding to successively increasing pre-selected deflections, and

then by locating the failure load as the maximum ordinate of the load-

deflection curve (Figure 2.5). The steps are as follows:

(1

(2)

(3)

(4)

(5)

(6)

(7)

Choose an initial value of the total central deflection Yo

Calculate the corresponding central curvature Po from

equation 2.10,
Select a trial value of Yo.

Using the values of po and Yo’ calculate P and Mio as

described in subsection 2.2.5.

If the calculated value of Mio satisfies the equilibrium
condition Mio = Meo = P.yo,-proceed to step (6). Otherwise
modify the value of Y and repeat step (4) until this con-

dition is satisfied to a pre-assigned tolerance.

By successively incrementing the value of Yo and repeating
steps (2) to (5) for each value of Yo calculate points on the
load-deflection curve until the current P is less than the

previous P. (This ensures that the peak of the curve is passed).

Select three successive points a2, b and ¢, so that,

Pa< Pb> Pc (Figure ?.5).



(8) Repeat steps (2) to (5) to calculate loads corresponding to

two deflections (ya + yb)/2 and (yb + yc)/2-

(2) Repeat steps (7) and (8) until Pa and PC are within 1 per cent

of Pb' The load for b is the failure load, i.e., Pm = Pb.

Regarding step (5) two important observations may be made:

(i) The equilibrium condition should be accurately satisfied.
The pre-assigned tolerance used is:

M, -M
(—5—2) < o.0001
io

ABSOLUTE

A less rigorous check may give inaccurate values of Pm. For
. +
example, a check of 0,01 may introduce up to - 5 per cent

error in P .
m

(ii) 1In order that the equilibrium condition may be satisfied
accurately, the successive trial values of Yo must be controlled
cautiously, so that the iteration procedure converges to the true

" solution. . This is achieved by selecting (from approximate
elastic calculationé) a starter value of Yo close enough to the
true value and by using a careful combination of the methods of

(2.7)

"successive bisection" and !'Newton-Rhapson" for pro-

gressive improvement of the starter value.

2,2.,7 General structure of the computer program

The computer program is written expressly for large scale runs needed
to produce a design manual. The aim is to keep the input to a minimum
for the maximum amount of output. This is fulfilled by forming 2 nest

of six repetitive loops, called 'DO-LOOPS' in the FORTRAN-LIV 1anguage,
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one corresponding to each of the six parameters defining a load case,

namely, d, t, 0&, fcu’ 1 and e, the last one being the innermost loop.

Input consisting of fifteen punched cards is enough to generate
thousands of load cases for the manual. The following example

clarifies the point:

d cases t cases 0& cases fCu cases 1 cases e cases

=4 =4 =2 = 3 =15 =17 .
= total number of load cases = 10,080,

On an average, each load case takes 0.9 sec on an IBM 7094 computer.

2,3 TESTS ON SQUARE AND RECTANGULAR COLUMNS

2.3.1 Background

(2.8)

Furlong reported five tests on axially-loaded square columns
with d =4 to 5 in, t = 0,084 to 0,189 in, and 1 = 28 to 34 in. Test

conditions did not allow rotations at the end.

There was a lack of experimental evidence on eccentrically-loaded
square and rectangular sections. A progranme of 22‘tests was therefore
- prepared to check the reliability ofAthe computed failure loads. These
tests were sponsored by the International Committee for the Study and
Development of Tubular Structures (CIDECT) at the University of Liege.
Preparation of the test specimens, design and construction of the
loading rig and testing of the main and control specimens were done
by Guiaux and Dehousse (2'2). In the following sub-sections the tests

are briefly described and the experimental loads are compared with failure

loads calculated by the computer program.
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2.3.2 Description of the tests

The tests were divided into three series:

(1) Series A - 5 tests on major-axis bending of rectangular
columns; this series was planned to study the interactiom
between minor- and major-axis bending while the load was

eccentric only about the major-axis.

(2) Series B - 6 tests on minor-axis bending of rectangular
columns; this series was planned to examine the validity of
the computer program fof rectangular columns. An identical
set of 6 empty tubes was tested to study any premature failure

due to local wrinkling of the tube wall.,

(3) Series C =~ 5 tests on eccentrically-loaded square columns;
this series was planned to check the zpplicability of the

program to square columns,

Dimensions and material properties of the test specimens are given
in Table 2.1. d and b are average values of 5 sets of measurements
along the length of each column. The tabulated t is calculated from
d, b, length, average measured wall thickness and the weight of the
empty tube. 1 represents the distance between the centres of rotation
of the top and bottom bearings. The measured initial central deflection
y is given. O& is thg average value of four tensile coupon tests,

ocC

and fcu is the average value of 3 20 cm cubes,

The main feature of the loading rig was a pair of hemispherical
0il-film bearings, which allowed the column-~ends a free rotation of
up to 6°. In the acceptance test,the bearings were shown to be practically
frictionless for loads up to 300 tonf. The load was applied by using a

500 ton Amsler machine.



Tests were of short duration, occupying not more than half an hour. '

2.3.3 Comparison between experimental and calculated failure loads

Experimental failure loads'(PT) are given in Table 2,1. The test
oﬁ column A5 could not be completed because of difficulties with the
connection of one of its ends with the bearing. Three columns, BEL,
BE2 and BE3, in the empty tube group failed by local wrinkling of the
tube wall. Column Cl failed due to bulging at the upper end.' The

remaining 17 columns failed due to overall bending.

Cosine wave failgre loads (Pm) are tgbulated. These are calculated
by using the computer program described in the previoﬁs section. In the
computation the end eccentricity is taken as e + 0.9 Yoe (Table 2.1), in
order to account for fhe initial central deflection. The reason for

this is discussed in section 2.6.

Series A comprises five concrete-filled rectangular colummns loaded
eccentrically about the major-axis. In Table 2.1 two calculated failure
loads are given, the one in parenthesis being the minor-axis failure load
with e_. = 0.9y . The smaller of the two values is used to cal-

minor oc
culate the ratio PT/Pm. This series was planned to study the interaction

between major- and minor-axis bending when the loading is eccentric about

the major-axis only. This is discussed in section 2.5.

In series BE, six empty tubes weré tested. All had a nominal d/t
ratio equal to 37 and e/d ratio equal to 0.3. The 1/d ratio varied
from 7 to 36, The steel had a yield strain of 22414/#8. - The strains
at failure on the interior face of the tube wall are calculated. On
the concave side, these strains are 7360‘/A8, 4000 jLS, 3250‘/L8, 2390‘fk8,

2190/F.8 and 2130‘/A8 for columns BEL - BE6 respectively. Colunmms



BEl - BE3 failed at 90 per cent 6f the calculated failure load, the
premature failure being caused by local buckling of the tube wall.
Columns BE4 - BE6 failed by overall bending, and excellent agreement

is obtalned between calculated anq experimental failure loads. The
American Iron and Steel Industry (2.9) recommends d/t :F 3300/0&

* (where O& is in ksi) for siender circular colummns, so that local buckling
does not occur, but it appears from the test results that 1/d and e/d
‘'values have also to be considered. Further work is necessary in this

direction.

Satisfactory correlation is obtained between the calculated and
experimental loads of the columns in series BF and C. For these 11
columns, the ratio PT/Pm varies between 1.004 and 1.083 with an arith-
metic mean of 1.037, and a standard deviation of 0.025. It may
therefore be inferred that for the range of columns tested in series BF
and C, triaxial effect was insignificant. (Only column Cl gives an
indication of incipientvtriaxial action). Further tests on short
columns with small eccentricity are necessary to understand any beneficial
triaxial effects thgt may occur in these two types of columns. In the
meantime tﬁe computer program may be used with confidence to predict the
failure loads of filled rectangular columns loaded eccentrically about

the minor-axis and of all square columns.

2.4 BIAXTAI, BENDING

(2.10)

Bresler suggested the following interaction relation for a
reinforced concrete column under axial load and biaxial bending, the

column being sufficiently short for the influence of deflexion on moment

to be neglected.



Fiy_=;_x+;_y_%.; (2.13)
where ny = loéd carrying capacity under compression and biaxiél
bending.

Px and Py = load carrying capacities under compression with
uniaxial eccentricities about the major~ and minor-
axis respectively.

and P = load carrying capacity under pure compression

= A 0 +A C
sy c m

For short reinforced concrete columns Bresler found that ny was in
excellent agreement with calculated theoretical values and with test
results, the maximum deviation being 9.4 per cent, and average deviation

being 3.3 per cent. A relation similar to 2.13 is given in the Russian

specification (2'11).
. (2.12) . - :
Basu and Somerville have recently proposed an equation similar
to 2.13 for long columns:
1 1 1 1
T =3 t 5 - 3 (2.14)
Xy x y ax
where Pax = failure load under nominally zero eccentricity with

artificial restraints against minor-axis buckling.

Equation 2.14 is conjectural. In the absence of experimental and
theoretical data on biaxial bending, the validity of equation 2.14
cannot be checked. However, it can also be derived from the linear

interaction relation currently in use for steel columns,

Analytical and experimental research into this problem is being

planned at Imperial College.
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2.5 MAJOR~AX1S BENDING

A rectangular column loaded eccentrically about the major-axis may,
depending on the amount of eccentricity, fail by minor-axis buckling.
This will occur when Px:> Pay where, Pay is the minor-axis buckling load
with e = 0. In this case the column bends about both axes and the

minor

actual failure load may be less than Pay'

When Px <:Pay there»would still be some interaction between minor-
axis bending caused by initial imperfection and the predominant major-
axis bending. The actual failuré load in this case may be less than Px'
1f the bending about the minor-axis is ignored, the actual failure load
should be the same as Px; this is supported by test results for columns
_ A3 and A4 (Table 2.1). However, the upper bound value PX cannot be

accepted as the true failure load on the basis of two experiments.

Equation 2.14 may be used to determine the true failure load for

major-axis bending. In this case Py is equal to Pay

S ;
P =3 TP - 7 _ (2.14a)
Xy X ay ax

Equatioﬁ‘2.14a is used to calculate the failure load ny of columns
Al - A5, 7 These are compared with experimental failure loads in Table 2.2.
It may be seen that ny is conservative, whereas the upper bound calculated
values (i.e. the smaller of Px and Pay) give closer agreement with test

results.

However, in the absence of analytical results and further experimental

evidence, equation 2.l4a may be used.



2.6 INITIAL IMPERFECTION

The load-carrying capacity of a column is reduced by initial
imperfections, such as, initial out-of-straightness, residual stress

and unintentional end eccentricity.

BS 4(2°13) specifies that the initial out-of-straightness should

not exceed 1/600 at the centre of any length of hollow section. This
corresponds to a maximum initial central deflection of 0.2 in for a

10 ft long column.

In this investigation only hot-finished seamless tubes are considered.
The amount of residual stress that exists due to differential cooling

across the thickness, is small, and is ignored.

Unintentional end eccentricity (due to setting error of the bearing,
for example) may be arbitrarily included in a lumped initial imperfection

parameter together with the initial out-of-straightness.

A numerical value for the initial out-of-étraightness has to be

chosen. BS 449 (2.14)

recommends an initial imperfection parameter
2 B
TL = 0.00003 1 /k2, where k is the radius of gyration, for steel columns

under nominally axial loading. For axially-loaded columns initially

bent in a part-cosine wave, it may be shown that

_ d B 2
TL =y . 2 , whence Yoo = 0.00006 1 /d

(2.9)

Observations by the Column Research Council on steel columns
without residual stresses show that the BS 449 recommendation is con-

servative. However, it would be even more conservative for the majority

of columns (1/d < 28) to take the manufacturer's tolerance Yo = 1/600.



Considering the above, and assuming that a filled column has the
same initial out-of-straightness as an empty one, the BS 449 recommendation

(yoc = 0.00006 12/d) is adopted as initial imperfection.

It now remains to be seen how Yoo MEY actually be incorporated in
the calculation. For concentrically-loaded columns initially bent in
a part-cosine wave with Yo = 0.00006 12/d, the initial curvature
Poc is 0.00059/d.  Therefore either Yoo OF Pgo MY be deducted fromy
or po in the calculation of the P - Yo relationship. But in eccentric
1oadiﬁg cases, the deduction of a constant value of Yoe from ¥, amounts
to the deduction of a progressively Hecreasing value of pOC from pé (and

vice-versa) as e and Yo increase.

In the computer program, therefore, the:initial imperfection is
represented by an initial eccentricity e taken as a fraction of Yoe?

i.e., e, = Tey - r = 0,833 is reasonable for elastic buckling of steel

columns. But for elasto~plastic behaviour of filled tubes a proper value
of r has to be found out. Table 2.3 shows the influence of r on Pm'

P, is the failure load of the axially-loaded columm with an initial central

1

deflection Yoo = 0.00006 12/d. P,, P, and P, are the failure loads of the

2> 73 4
equivalent straight column with ¢ = 0 and e = Te¥ oo where r = 1.0, 0.9
and 0,8 respectively. Comparing P1 with P2, P3 and P4, r = 0,9 seems

to be the most suitable value. This is adopted for all values of e.

Thus in all computation initial imperfection is taken as an initial

end eccentricity e, (=0.9 x 0.00006 12/d).

Figure 2.6 shows the effect of e, on Pm' The reduction in Pm due
to e is greatest (maximum 30 per cent) for small values of e. It

increases with 1/d up to a certain point and then starts decreasing.

(2.9)

This agrees with Johnston's observation on steel columns:



"The effects of initial crookedness and residual stress may be
compared with the idealized strength if both crookedness and residual
stress were absent. Such a comparison shows that the maximum effect
of either residual stress or initial érookedneés, alone or in combination,

always occurs when the slenderness parameter A equals unity, where

6]

A = r . /X . For values of A greater than this the effects of

k X Es

- initial curvature gradually diminish,"

2.7 LONG-TERM LOADING

A load acting continuously for a long period has two effects on
concrete: (i) strain corresponding to the same stress is increased,

i.e., E diminishes, and, (ii) O_ is reduced; consequently, there is an
c m ’

T

increment in deflection and a reduction in the failure load.

(2.15) (2.16)

Mauch and Manuel and MacGregor

calculated the long-
term strength of rectangular reinforced concrete colummns taking proper
account of the creep behaviour. It seems possible to extend these
"methods to concrete-~filled tubular columns. However, a simpler semi-
- . (2.17) .
empirical method used by Broms and Viest for reinforced concrete
columns, is adopted. The reduction of concrete stiffness ETc is taken
into account by doubling the short-term value of € i.e.

am = 2 x 0.0025 = 0,005 for long-term loading. The reduction in Oﬁ

caused by long-term loading is small and is ignored.

All loads tabulated in the design manual are calculated for
g, = 0.005. It may be recalled here that the computer program has been
checked only against short-term (Sm = 0,0025) experiments. Results of

long-term loading tests on concrete-filled columns are not available,
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therefore loads calculated on the basis of Sm = 0.005 cannot be verified.:

P -¢ -1 andP -¢ -=
m ™ m - m d

and 2.8, It may be seen that the influence of Sm on Pm increases with 1

relationships are shown in Figures 2.7

up to a point and then remains virtually constant. The influence

decreases with increasing e/d, becoming negligible at e/d => 0.5.

Short-term loading calculations are based on &, = 0.0025, Available
experimental O - € relations (2.6) suggest values of Sm between 0.0020

and 0.,0030. It may be seen from Figures 2,7 and 2.8 that by choosing a

mean value of 0.0025 the meximum possible error in Pm is 7 per cent.

Long~terr. loading calculations are based on Sm = 0,005, This may be

regarded as a rate-of-creep calculation with a single time-increment for

the entire duration of loading. Rusch (2.18)

reported Sm = 0,008 for

concrete under sustained loading of long duration, if this value is used

in the present 'single time-increment! calculation then Pm would be con-
. (2.16) . .

servative ; (the maximum difference between the two values of Pm

corresponding to Sm = 0,005 and 0.008, being 15 per cent of the greater

value (Figure 2.7). Therefore it does not seem unreasonable to use

Em = 0.005 in the present single time-increment calculation of the long-

term load.

A comparison between the short-term (8m.= 0.0025) and long-term

(Em = 0.005) failure loads is made in Figure 2.9. The maximum reduction
£
d cu

is 11 per cent. However, for a column with a high value of TXG

the reduction in Pm may be as high as 21 per cent (Figure 2.7).

The period during which a load must act continuously in order to be

classified as long-term load, is not clearly established. Several foreign

(2.17)

codes define this period as three days In the present calculation



the entire. load is considered as 'long-term'. It is believed that this ’
conservative assumption compensates for the inadequacy, if any, of the

notional assumption that 8m = 0,005 leads to the true long-term load.

2.8 DESIGN MANUAL

2.8.1 Background

Failure loads for a range of concrete-filled tubular columns are

(2-19). The work has been done as a part

tabulated in a design manual
of this investigation, but all the tables are not included in this thesis,

instead sample tables for one diameter are shown (Tables 2.4 to 2.9).

The computer program described in section 2.2 has been used for the
preparation of the tables. Initial imperfection equivalent to that

(2.14)

assigned in BS 449 is incorporated in the computation (as discussed

in section 2.6). Creep is taken into account by the approximate method

described in the previous section.

2.8.2 Scope

Failure loads are tabulated for the following ranges of hot-finished

seamless tubes:

circular sections 4 1/2 in to 18 in
square sections 4 in to 16 in
rectangular sections 5in x 3 in to 18 in x 14 in

‘ (about both axes)

thickness A1l the manufactured thicknesses for
square and rectangular sections and 40
outvof 59 manufactured thicknesses for

circular sections.



steel

concrete

effective length

eccentricity

39 -

steels to

I

3¢ (o
43¢ (o,

50C (o,
( y

(2'20): grades

BS 4360
16 tonf/inz) and

23 tonf/inz)

f = 3000, 6000 and 9000 1bf/in2

cu

6 ft to 40 ft (or 40 diameter/depth

whichever

is less)

seven values of e/d between O and 1.0

Squash loads (EL = A_ 0§.+ Al Oﬁ) are given.

The true major-axis bending loads may be obtained by substituting

the tabulated failure loads in equation 2.l4a. Equation 2.14 may be used

for calculating the load carrying capacity under axial compression and

biaxial bending. The tables do not cover unequal end eccentricities.

2.8.3 Influence of parameters on the failure loads

Yield strength: Failure loads are tabulated for 0& = 16 and 23 tonf/inz.

Figure 2,10, in which loads are plotted for intermediate values of 0&,

chows that from the tabulated load values for 0& = 16 and 23 tonf/inz,

loads can be linearly interpolated or extrapolated without significant

error, for any value of O& between 13.9 (= 16/1.15) and 23 tonf/inz.

Young's modulus: The variation of Pm with Es is shown in Table 2.10,

an empty tube being chosen to demonstrate the maximum effect, It may

be seen that for all practical columms (1/d <C 24), a change of E_ from

12000 to 14000 tonf/in2 increases Pm by less than 1 per cent. However,

for very long columns the increase in Pm with increasing Es may be

appreciable, the corresponding figure being 12 per cent at 1/d = 72.



Loads are tabulated for Es = 13000 tonf/in2 which is generally

‘recommended by the manufacturers.

Cube strength: Figure 2.11 shows that Pm varies linearly with fcu’ sa
that linear interpolation or extrapolation may be used for values of fCu
which are not tabulated. It should be noted however, that for the
empty tube (fcu = 0), the possibility of a premature failure due to
local wrinkling of the tube-walls should be considered. This has been

discussed in sub-section 2.3.3.

€ ° ETc may be varied by using different values of € in equation 2.5.
The influence of g on Pﬁ is shown in Figures 2.7 and 2.8, and has been

discussed in section 2.7. Failure loads are tabulated for Sm = 0.005.

Thickness: The variation of the failure load with d/t is shown in
Figure 2.12;_an empty tube is chosen to study the maximum variation.

It may be seen that by tébulating failure loads for one intermediate and
two extreme thicknesses, a linear interpolation gives loads for other

thicknesses without appreciable error.

Length: Pm is plotted against 1/d in Figure 2.13 for 10 values of e/d.
The influence of 1/d 6n Pm decreases, as may be expected, with increasing
e/d. Figure 2.13 shows that linear interpolation between tabulated
values (marked by ver£ica1 grid lines) gives the failure load for any

intermediate length with negligible error.

Eccentricity: Figure 2.14 is complementary to Figure 2.13 and shows the
influence of e/d on Pm. Again, linear interpolétion between tabulated

values is shown to be satisfactory.



2.8.4 Choice of load factors and material factors

(2.22) wi

CP 117 (Part 3) (2.21) and the new Bridge specification 11

recommend partial load factors for composite columns. The draft Unified

Code (2.23) recommends 1.6 and l.4 for live and dead load respectively,

(2'1‘_*) and CP 114 (2.24)

when there is no wind loading. BS 449
recommend overall load factors of 1.7 and 2.0 for steel and reinforced

concrete columms respectively.

CP 114 implies a material factor of 1.5 for concrete. The Unified
Code in its present form, suggests material factors of 1.5 for concrete

and 1.15 for steel.

The second interim report (2.25) of the CIRIA Study Committee on

Structural Safety gives a comprehensive account of limit states and

suggests suitable partial load factors.

The alternative recommendations are quoted above, and the choice is
left to the designer. That is why ultimate load values based on material

factors = 1.0 are tabulated.

2.8.5 Fffective length

The question of effective length is being considered by the drafting

) (2.21) (2.22).

committees of CP 117 (Part 3 and the new Bridge specifications

(2.14) gives effective lengths which are substituted in .the

BS 449
Perry-Robertson formula to determine the yield loads of axially-loaded

columms., These loads are then divided by 1.7 to obtain the working load.

A straight line interaction relation is suggested for end moment.

Failure loads have been calculated for a range of practical empty

"tubes by using the computer program. These loads have been compared



with 1.7 x (the corresponding BS 449 working load)(Table 2.11). The
comparison shows that the two values are within 4 per cent for axially~

loaded tubes and within 14 per cent for eccentrically-loaded tubes.

Since the loads calculated by the computer program are of the same
order as l.7 x (BS 449>working load), it does not seem unreasonable to.
use the BS 449 effective length rules in conjunction with these tables.,
It is worth mentioning thét the BS 449 recommendation for the sway-case

may be unsafe.

2.8.6 Working load

Problem: what is the working load of a column of the following description:

Geometry: : Material:

d = 14 in Steel to BS 4360 ¢2°2) ) srade 43¢
t = 3/8 in Concrete: works .
1 = 11 ft 3 1/16 in = 11.25 ft/say minimum cube strength

e = 1,58 in at 28 days = 5700 lbf/in2
Material factors: .Load factors:

for Steel y_ = l.15 Dead 1.4

for Concrete Y. = 1.5 Live 1.6

Load ratio = Dead load:Live load .. 4:1

Solution: Using the material factors, the reduced material properties are:

o /v, = 16/1.5 — 13.91 tonf/in’
_ . ~ 2
£ ly, = S5100/1.5 — 3800 1bf/in

The above two reduced values of 0& and fCu and the given values
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of 1 and e do not coincide with the values for which loads are tabulated;
The load case of the problem has to be found by linear interpolation
. (extrapolation for O&) from sixteen values taken from Tables 2.6 and 2.7

and quoted below for ready reference:

£ — 3000 1bf/inZ | £ = 6000 lbf/in2
cu cu
e = l.4in| e = 2.8in|e = 1.4 in|e = 2.8in
1 =10 ft 281 233 371 303
0& = 16 tonf/in2
1=12 ft|. 268 222 351 286
, 1 =10 ft 362 297 452 368
O& = 23 tonf/in2
1 =12 ft 346 283 427 348

Ultimate load in tonf (d = 14 in, t = 3/8 in)

After doing the interpolations the required ultimate load is found

to be 266 tonf.

Working load calculation:

P
m

Pw = overall load factor

For the given dead and live load factors and the load ratio:

4 x l.4 + 1 x 1.6

overall load factor = Z T 1 = 1l.44
. . . 266
.« . Required working load = = 185 tonf

l.44

2.8.7 Choice of section

The designer's usual problem is to find compatible values of d, t,

-fcu and O& for known values of Pm, 1 and e, He may select a set of



trial values, use the tables, interpolate where necessary and calculate
Pm. If the calculated Pm is lower or excessively higher than the
desired Pm, the values of d, t, fCu and 0& may be improved in successive .

trials till the two values of Pm are acceptably close.

2-8.8 Deflexion

Elastic methods, exact or approximate, may be used to calculate the
deflexion at working load. For example, the exact elastic formula for.

the common case of a column under an axial load PW and equal end moments

M is:
2
T M. h 2(1 - Cos u)
W 8(EI)t u2 Cos u
where h = true length of column
(EI)t = gstiffness of the transformed section
= E I + E T
c s °s
e = b[ls
2 (EI)t

The value of IC based on the total area of filling and that of Is
are tabulated. Es may be taken as 13000 tonf/inz. EC = Es/m, the

long-term value of m as reconmended by the draft Unified Code may be used,

(2.26)

The approximate method consists of calculating the deflexion

for end moments only, taking the true length of the column. The effect
of axial load is then taken into account by multiplying this deflexion

by an approximate magnification factor

1/(1 - PW/PE) where PE = E;ler load
% (EI)t

12

where 1 = effective length



2.9 MAXTMUM STRAIN IN CONCRETE

Let €. be the strain at the concave facg of the concrete-core whilev
the filled-tube is subjected to the maximum load Pm. SC/Sm is plotted
in Figure 2.15 against e/d for & values of 1 and for both the short- and
long-term values of € o Sclsm decreases significantly with increasing
length, 1.5 being the maximum value for the shortest length. With e/d
varying from O to 1.0, the value of 8C/8m is spiky in nature. For

values of e/d greater than 1.0, Sclem remains virtually constant.

The long-term SC/Sm curve runs below and parallel to the short-term
curve, except for very short columns. The constant difference between

the two curves is approximately 0.15.

It has been mentioned in sub-section 2.2.3 that equation 2.5 for the
stress-strain relationship of concrete, gives spurious values of 0/0&
for 8/8$:>,:>4. This does not cause any concern because S/Sm never

exceeds 4 in concrete-filled columns under the maximum load (Figure 2.15).

2.10 AN IMPORTANT APPLICATION

The multi-level motorway interchange at Almondsbury is an impoxtant

example of the use of concrete-filled columns in this couhtry. 35 columns

. ' R . +3
were designed and constructed on the basis of semi-rational formulae (2.3)

(2.27) " The columns are analysed here by the com-

and exploratory tests
puter program for both short- and long-term loading. The load factors

are given in Table 2.12. It may be seen that all the columns have

adequate safety margin,



2.11 CONCLUDING REMARKS

A computer program is now available for predicting the failure load
of circular, square or rectangular tubular columns, eifher filled with
concrete or emptye Failure loads of circular or rectangular reinforced
concrete columns may also be calculated by the same program. Equal end
eccentricities about one axis are considered, and uniaxial stress-strain
pfoperties for the steel and concrete are used, i.e. triaxial effects,
if any, are neglected. Long-term loading may be taken into account by
the approximate method of doubling the concrete strain at all stress
-levels. Initial imperfection mayrbe incorporated as an end eccentricity

or as a central deflexion or as a central curvature.

(20 ].9).have been prepared for a comprehensive

Failure load tables
range of tubulér sections under axial compression and uniaxial bending.
Loads are tabulated for two steel strengths, three concrete strengths,
.seven eccentricities and up to fifteen lengths; intermediate cases may
be obtained by linear interpolation without appreciable error. Initial
imperfection equivalent to that assigned in BS 449 is incorporated, and
creep iIn concrete is approximately accounfed for. Failure loads are
given for material factors = 1.0 and O'm/fCu = 0.8, but loads ﬁay be

be obtained for other values of material factors and Oﬁ/fcu by linear

interpolation from the same tables.

It does not seem unreasonable to use BS 449 recommendations on

effective length in conjunction with the tables.

Load carrying capacity under axial compression and biaxial bending
may be calculated by substituting relevant tabulated loads in equation
2.14. Equation 2.1l4a may be used for major-axis bending to take the

interaction with probable minor-axis bending into account.



- 47 -

2.12 SUGGESTION FOR FUTURE WORK
Future theoretical works should include:

(i) biaxial bending; and

(ii) proper step-by-step creep analysis.
Further experiments are necessary to cover:

() short square and rectangular columns under nearly concentric
loading;
(ii) biaxial bending;
(iii)  unequal end eccentricities
(iv)  long-term loading; and

(v) local buckling of the tube wall.



CHAPTER 3

TRIAXLAL EFFECTS IN CONGENTRICALLY-LOADED

CLRCULAR STUB COLUMNS

3.1 INTRODUCTI.ON

The structural behaviour of concentrizally-loaded stub columns is
largely influenced by the difference between the values of Poisson's
.ratio of steel and concrete. The Poisson's ratio of concrete v, may

(3.1) (3.2)

increase from 0.1l1 to the order of 0.75 with increasing
longitudinal strain. Thus in the early stages of loading of a stub
column when V== Voo the steel has no restraining effect on the concrete
core and bond must ‘exist to prevent separation at the interface. As the
longitudinal strain increases, howeyer, v, gradually becomes greater than
v thereby setting up a radial pressure at the interface., At this stage
the concrete is under triaxial compression and the steel is under longi-
tudinal compression and hoop tension. This stage is usually reached
after the steel has'yielded biaxially. As the hoop tension increases
the longitudinal compression in steel is reduced while the radial pressure
on concrete increases, and as a result the longitudinal strength of the
contained concrete is increased. The failure load of all practical stub
columns is considerably more than the sum of the uniaxial compressive

strengths of the steel and concrete, because the loss of longitudinal

compression in steel is more than compensated for by the augmentation of

the strength of concrete.
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At the outset of this investigation the magnitude of the longi-
tudinal and the hoop stress in steel were not known in the post-elastic
range. The assumption had been made that at failure the steel yields

in the hoop direction and carries no stress in the longitudinal direction,

=0 (3.3, 3.4).

L For such a state of stress the

i.eo G =<0‘ and G
sH y S

radial pressure on concrete O.r (Figure 3.1) is given by:
o, = -0, x 2t = g 2t (3.1)

¢cR T “sH d-2t y d-2t
From the failure criterion of triaxially contained concrete (3.5) the
(3.3, 3'4)a5'

longitudinal stress in concrete OEL at failure was taken :

Oy = O, + 410 : (3.2)

The loﬁgitudinal stress in steel being zero, the failure load PH was

calculated as:

4.1 0 x 2t

d - 2t ) (3.3)

PH = AC chL = AC (crm+

(3.3)

Neogi obtained reasonable correlation between experimental

failure loads and loads calculated from equation 3.3. Gardner and

(3.4)

Jacobson used the same equation with less success.

The computafion of the post-elastic biaxial stresses in steel from
experimentally determined load-strain relationships is not straightforward{
in this chapter a method is given by which this can be accomplished. The
method is based on the generalised flow-law for plastic solids. 14 tests
conducted at Imperial College are chosen, and steel stresses OEL and OEH
- are calculated from measured strain values asL and asH for small increments
of strain up to failure. Once the stresses in the steel are known those

in the concrete are calculated from simple staticse

The relationship between the longitudinal stress and strain for the



biaxially stressed steel andvfor the triaxially stressed concrete is
plotted for all the 14 columnms. These curves may be looked upon as
equivalent longitudinal stress-strain relationships for the steel tube
and the concrete core; the mean curves are used in chapter 5 to predict

moment-~curvature relationships taking triaxial effects into account.

The stresses in the concrete are compared with existing failure

criteria, and a failure criterion is suggested for the concrete core.

A new equation is proposed in place of equation 3.3.

3.2 CALCULATION OF BIAXIAL STRESSES IN STEEL FROM MEASURED STRAINS

3.2,1 Uniaxial stress-strain relationship and biaxial yield criterion

The uniaxial stress-strain relationship of steel is assumed to be

elastic - perfectly plastic.,

The Hencky-von Mise's yield criterion is the most accurate ome for

(3.7)

ductile materials , and for biaxial stresses in the steel tube it

may be written as:

2 .
Ogq, 7 0§H = %L %y = 05 (3.4)

3.2.2 Elastic biaxial stress-strain relatiomship

As long as the stress-point is within the yield surface defined by
equation 3.4, the following relations are applicable:

E

L A
L, 2, ° (SsL Ty esH) (3.5)
(1 - v))
s
Eq
Oy = s (SSH Ty, SSL) : - (3.6)

-5



- 51 -

3.2.3 Post-elastic biaxial stress-strain relationship

Once the stress-point has reached the yield surface, it keeps
moving along the surface with increasing strains (Figure 3.2), and the
relationship between stresses and strains is no longer governed by

equations 3.5 and 3.6.

When the stress-point is on the yield surface let the stresses in

steel be O;L and OgH' At this instant let there be a small increment of

load for which the experimentally obtained strain increments are SSSL and

S

The increments in stresses are then given by:

sH*®
sH a- 2y -y ' :
SGSL = O o SGSH i (3.8)
20 - O
where ¥y = EBEL—:—Eﬁﬂ : (3.9)
sH sL
1 _
and ¢ = = ; (3.10)

Equations 3.7 and 3.8 are derived from the generalised flow-law for
perfectly plastic solids developed between 1950 and 1956 (3.6) (Appendix A).
In the derivation of equations 3.7 and 3.8, it is assumed that the steel
is elastic-perfectly plastic and obeys the Hencky-von Mise's yield

criterion (Appendix B).

When SOgL and SOEH are added to the existing stresses, a new pair of

values is obtained for 0; and 0; This gives the new stress-point

L.

which should also lie on the yield surface providing SSSL and BSSH are

H

sufficiently small.



3.2.4 Computer program

When the load-strain relationships for a stub column are known from
experimental observations, the strains and stresses at first yield may bé
calculated, after some systematic trials, from the elastic equafions 3.5
and 3.6'and the yield condition 3.4. The numerical process of finding
the post-elastic stresses by using equations 3.7 and 3.8 may then be
started and continued for small successive strain increments up to the
failure of the column. The process is repetitive and is programed on -a
digital computer. Once the stresses in the steel are known, the stresses

in the concrete are calculated from simple statics,.
The program consists of the following steps:

an) Read observed values of SS and Ss for various values of P.

L H

Select the first value of Ss and of Ss

L H*

(2) Substitute € and-ss in equations 3.5 and 3.6 to calculate

L H

0. and ©
s

sL H®

(3) Repeat'step (2) for successive values of SsL and SsH until
the left hand side of equation 3.4 is greater than the right

hand side.

(4)  Choose the last two pairs of strain values from step (3), i.e.,
one pair before yield and one after; use a process of successive
bisection between these two pairs, repeat step (2) and find SsL’

€ ., and P for which Og just satisfy equation 3.4.

sH H

(This gives the loads, strains and stresses at first yield).

L and Og

(5) Choose a small increment SSSLF

(6) Add SSSL to the current value of £ find P corresponding to



(7)

(8>

(9)

(ib)

3.3.1

the new value of € by linear interpolation, hence find 885

L H{

Calculate ¥ and @ from equations 3.9 and 3.10.  Substitute

v and o in equations 3.7 and 3.8 and obtain ch and SGSL.

H

Add 80 . and &0 .. to the current values of 0. and O, and
sL sH s s

L H

get new values of Gs and Ogﬁ' Check that the new values of

L

o] and O
s

oL satisfy equation 3.4, and proceed to step (9).

H

Otherwise, take successively smaller values of SSSL and repeat
steps (6) and (7) until equation 3.4 is satisfied to a pre-

assigned tolerance.

Repeat steps (5) to (8) to obtein o, and oy for successively

L H

€ and P up to failure.

increasing values of £
© sL’ “sH

List all values of P, € _, € 0. and O ., obtained in steps
sL s sH

H? “sL
(2) to (9). For each set of values calculate Ps = As OgL’

P~ Py 2t
hence OEL = ——;;:—* ; also caléulate OER = —USH X E—:“EE .

STUB COLUMN EXPERIMENTS

Description of tests

14 tests conducted at Imperial College

(3.3)

are chosen, because

a complete record of strain readings for these tests is available.

Dimensions and material properties are given in table 3.1.

Thickness was the variable parameter. The end cap consisted of a steel

disc 2 1/2 in thick with a 1/4 in machined recess into which the end of

the filled tube fitted closely. At each end of the tube the concrete

surface was roughened by-chipping. It was then capped with a thin



layer of cement mortar and made flush with the steel surface. It may
therefore be assumed that the steel and concrete were loaded together.
At the lower end a spherical bearing of large diameter was interposed
between the end cap and machine platten, but the top end cap bore

directly against the top platten.

The column was continuously strained until, and somewhat beyond the
the maximum load. The strain rates were approximately: 30)&8/min for
0 - 3000 J+€5 60 juslmin for 3000 - 5400 jus, 120 f,(s/min for 5400 -

9000 j¢8 and 300 jAE/min after 9000 ‘ﬂs.

The longitudinal and hoop strain at the mid-height. section, along

two perpendicular diametral planes, were measured by 4 rosette gauges.

3.3.2 Experimental results

85L and SsH

3.16. SsL and Ss

are plotted against the total leoad in Figures 3.3 to

y are average values from four readings taken at two

perpendicular diametral planes. At high loads there was a considerable
difference between the maximum or minimum longitudinal strain and the
average. This difference may have been caused by local weaknesses in
the tube. The bending assoclated with non-uniform straining is ignored,
and -the arithmetic ﬁean of the four readings is tzken as the true axial

strain (ESL). The same applies to €y

It is shown

Only in column M17 did (Figure 3.9) €y oxceed &

H L®

later that M17 behaved differently from the other colwmns in so far as

the calculated values of Og and 0y are concerned. It may be inferred

L H

that strain readings for M17 are unreliable.

The maximum value of g in Figures 3.3 to 3.16 1s 238000 jis.

L

Strain readings could not be taken up to failure for all the columms.



Table 3.2 gives the load P% up to which strain readings are available

and the failure load P the ratio between the two loads varies between

T,
0.78 and 1.00.

The ratio between the test failure load PT and the sum of the

uniaxial compressive strengths of the steel and concrete PL varies
between 1.36 and 1.63. Thus the gain in failure load due to triaxial

augmentation of the concrete strength is between 36 and 63 per cent of

the uniaxial strength,

In column Ml2 a strain gauge was embedded in the concrete to measure

the longitudinal strain € € . was compared with € and virtually no

cL’ cL L
difference was observed, This means that there is no slip between the

steel and concrete when the two are loaded together.,

Overall bulging, i.e., bulging over the major part of the length

was the basic mode of failure‘in all the columns.

3.4 DISCUSSION OF TEST RESULTS

3.4.1 Stresses calculated from strain readings

Longitudinal and lateral strains € and € obtained experimentally

L w’

(Figures 3.3 to 3.16), are fed into the computer program. The program
prints out the values of longitudinal and lateral stresses in the steel

and the concretes

From no-load condition to failure the path followed by the steel

stress-point (Og ) is shown in Figure 3,17 for column M24.  The

L* Ysn

travel of the stress-point from O to A with increasing load is governed

by the equations given in sub-section 3.2.2, and the movement along the
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ellipse from A to B is determined by the equations given in sub-section .
3.2.3. For column M24, the stress—point‘reaches the yield-surface
(point A) at 64 per cent of the failure load, and at 98 per cent of the

failure load OEL/O§ = 0.538 and OgH/0§ = -0.616 (point B).

The load and stresses at first yield are given in Table 3.3 for all
the columns. The ratio between the first yield load Py and the failure
load PT varies between 0.57 and 0.85 with an arithmetic mean of 0.66.

At first yield, it may be seen from Table 3.3 that OEH is small, con-
sequently OER is less than 2 per cent of Oﬁ for the majority of columns.

Thus it transpires that up to the first yield, i.e. approximately up to

two-thirds of the failure load, triaxial effects are negligible.

At or near failure, however, 0. is appreciable; the ratio OER/Oﬁ

cR
varies between 0.11 and 0.48 (Table 3.4).

Once the steel has yielded, the longitudinal stress in steel e
drops to about 0.75 O& at failure, while the strength of the triaxially
contained concrete reaches more than twice the uncontained strength,

ieee O .22 2.0 O o The arithmetic mean of 0_ /0 at first yield for
c T Tm : sL” 7y

L
all the columns is 0.98 (Table 3.3) and the corresponding value near
failure is 0.75 (Table 3.4). The arithmetic mean of OEL/Oﬁ at first

yield is 0.92 (Table 3.3), and the corresponding value near failure is

2.08 (Table 3'4) .

3.4.2 Equivalent stress-strain relationship

The relationships between the longitudinal stress and the longitudinal
strain for the biaxially stressed steel and the triaxially stressed con-
crete may be looked upon as equivalent stress-strain relationships for

the steel tube and the concrete core. The equivalent stress-strain



relationships derived in this sub-section are used in chapter 5 to

incorporate triaxial effects in an approximate moment-curvature analysis.

Steel: The non-dimensional quantities OgL/O& and esL/Sy are
plotted for all the columns in Figure 3.18. The curves for M17 and M23
show wide scatter, probably because of errors in the strain readings.
The remaining 12 curves form a well defined band which is represented by
the smooth curve shown in Figure 3.19, The smooth curve is a lower bound
fit to the band for values Qf SSL/Ey.between 1.0 and 4.0, and then follows
the mean path through the band. The smooth curve which may be regarded
as the equivalent stress-strain relationship is expressed by the following

equations:

OQL 8s 8s
5 = 0.95 P when T == 1.0
y y y
£ (3.11)
- 1.063 == - 0.113 .
Bﬁh = Ey : R when EEE = 1.0
y 1.417 2 - 0.417 y
y
Equation 3.1l is asymptotic to O;L/O§ = 0.,75.
Concrete: OEL/Oﬁ is plotted against EcL/Sm for all the columms in

Figure 3.20, where ScL = SsL R Oﬁ_= O°8fcu and Sm = 0.0025. Again the

curves for Ml7 and M23 show wide scatter, while the remaining 12 curves
show a definite band pattern, although the band width gets wider for high
values of ecL/Sm' A smooth mean curve is drawn to represent the band

(Figure 3.21), and is expressed by the equation:

e
2041 (S—C-]i)
= L (3.12)
€L
m

e,
o

m
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Equation 3.12, which is asymptotic to OéL/Oh = 2.18, has the same initial
slope as the uniaxial stress-strain curve for concrete (equation 2.5), and

the two equations give the same stresses for strains less than 0.5 E ¢

Thus equations 3.1l and 3.12 approximately represent the longitudinal
stress-strain relationships for the biaxially stressed steel tube and the
triaxially contained concrete core of a stub column uﬁde; concentric
loading. However, equations 3.11 and 3.12 are applicable only when d/t

lies approximately between 17 and 37 (Table 3.1).

3.4.3 Effect of tube thickness

OER is the containment stress for the concrete core, The relation

between O and O is:
c s

R H
_ 2t
OER -7 OgH d - 2t (3.1)
2t
or OER ™~ - OEH ;r‘ . (3.13)

Thus OgHvis a measure of the containment, and the relation between OER

and OEH is approximately linear for varying t/d.

Assuming that the steel has yielded biaxially and the stress-point

(o OSH> is progressing along the yield-ellipse (Figure 3.17), the

sL’®
value of the ratio OEH/OEL enables the individual values of OQH and OEL
‘to be calculated. The higher the ratio OSH/OQL the higher is the con-
tainﬁent. The relationship between OéH/O;L and d/t is studied in

Figure 3.22 for values of OEH/OQL near failure (Table 3.4); there is no

recognisable pattern, and in the absence of further data, a horizontal

line through OEH/USL = - 0.5 is a fair approximation of the relationship.

The non-dimensional quantity OéR/0§ is plotted against t/d in

Figure 3.23; for t/d = 0, GcR/O§ = 0, The relation between QER/0§ and



t/d may be approximated as:
) (3.14)
It must be emphasized that equation 3.14 is tentative.

The effect of tube thickness on the strength of the filled tube
is not established from Figures 3.18, 3.20, -3.22 and 3.23 and from

~
Table 3.4, and it seems that further experiments are necessary.

3.4.4 Lateral/longitudinal strain

The ratio between the lateral and the longitudinal strain
EcR/ScL (= ESH/SSL) is plotted against P/PT where P is the current load
and PT is the experimental failure load (Figures 3.24 and 3.25).
The strain-ratio has an approximate value of 0.2 at low loads; it then
increases slowly to 0.3 (= vs) when the load is between 55 per Cent and
'56 per cent of the failure load. M16 and M24 show different behaviours
which méy be attributed to experimental scatter. It may be mentionéd
here that the steel reaches the first yield at about two-thirds of the
failure load. Thus the strain-ratio becomes equal to the Poisson's
ratio of steel just before the steel yields. After this the strain-
ratio increases répidly up to a maximum of 0.8; this compares well with

(3.2)

0.75 observed by Richart in spirally reinforced concrete columns.

3.4.5 Share of load carried by the concrete

Beyond the load at which the strain-ratio equals v, (= 0.3), i.e.
approximately after the steel has reacﬂed the first yield, concrete
carries a progressively higher share of the total load. The ratio of
the load carried by the concrete PC to the yield load Py has an arith-

metic mean of 0.42 (Table 3.3), whilst the ratio of Pc to the load ét



.
or near failure PT is 0.70  (Table 3.4).

The reduction in Ps’ the load carried by the steel, beyond first yield

is shown for columns M15 and M24 in Figures 3.26 and 3.27.

Pc/P is plotted against P in Figureés 3.28 and 3.29 for all the
columns., At low loads the ratio Pc/P varies between 0.28 and 0.73, it
remains nearly constant until the steel yields, then it increases to

0070 to 0080.

3.4.6 . Volume change

If a cylinder has a longitudinal strain ch and a radial strain gcR’
it may be shown that the change in unit volume or the volumetric strain

€ ., is given by:

cV

e, = 6y + (2 +el) (L+e,) (3.15)
Neglecting the higher order térms

€ = £ + 2¢€ | | : (3.16)

cV cL cR

Even for strains of the order of 0.025, equation 3.16 gives values of

ch only up to 5 per cent smaller than the exact value given by equation

3.15. Equation 3.16 is used in all volumetric strain computation.

SCV/Sm is plotted against Oévlgﬁ fgr all the columns in Figures 3.30

to 3.33; here € =0,0025, 0, =0, + 2 O
m c c

v oL, and o = 0.8 fcu° 1t may

R’
be seen that volume decreases until OEV/Gﬁ is approximately unity, i.e.
GEV is approximately equal to the pcak stress of uncontained concrete.
Then the volume starts increasing; the point at which the volume is equal

to the original volume occurs when GEV/Gﬁ is approximately between 1.25

and 1.5. At failure up to 1.5 per cent volume increase is recorded

(column M24, Figure 3.33),



- 61 -

30447 Failure criterion for concrete

Available failure criteria for concrete under triaxial compression
are discussed in Appendix C, and are compared in this sub-section with

~

the stresses. in the concrete core at or mnear failure.

The stresses in the concrete core GEL and GER at or near failure
(Table 3.4) are plotted in Figure 3.34 and Mohr's circles are drawn.

(3.5)

The Mohr-envelope (equation C.5) derived from Richart's failure

criterion (equation C.1) is also drawn in Figure 3.34. The straight
line envelope is 2 reasonable lower-bound fit to the circles, and may be
regarded as a criterion for sliding failure of the concrete core. The
angle between the envelope and the ordinate is 127° 52t y» therefore the
inclination of the plane of sliding failure with the horizontal is
expected to be (127° - 52¢ 2 2y 64°.  Although columms M1l - M24
failed due to bulging, the comparison in Figure 3.34 indicates that if a

shear failure should occur in the concrete core, the shear-plane would be

approximately at 64° with the horizontal.

Values of 0 . and GE near failure (Table 3.4) are compared with

cL R

(3.10)

Hannant and Frederick's failure lines (equation C.6) in Figure 3.35.

It may be seen that a better fit is obtained by:

OEL = fCy + 5 GER (3.17)

(3.5)

Equation 3.17 is nearly the same as equation C.2 suggested by Richart
for relatively low values of the confining pressure O_p (= 0, = 03)0
Thus equation 3.17 may be used as the failure criterion for the concrete

core of a stub column.
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3.5 PREDICTION OF FAILURE LOAD

3.5.1 General

The distinction between the squash load PL and the stub column

failure load PH should be noted. PL is the sum of the uniaxial com-
pressive strengths of the steel and the concrete, i.ef PL = ASO§ + Ac0ﬁ°
Thus PL is the failure load for a composite column in which there is no
triaxial effect, for example, a cased stanchion. However, PH is the
failure load of a concentrically-loaded filled stub column for which
triaxial effects must be taken into account. For a stub column PH may

be considerably greater than PL. In this section equation 3.3 is dis-

cussed and a new equation is suggested for predicting PH'

3.5,2 Derivation

The influence of d/t and other parameters on the ratio OEH/OEL(: B)
at failure is not recognisable from the test results of columns M1l - M24
(Figure 3.22), and it does not scem unreasonable to assume a constant

value of B for all the columms. Substituting OEH = BOEL in equation 3.4:

0] 0]
o, = Y——-E = EX (3.18)
v1-B+5B 1
_ 2
where Bl = Jf1 ~-B+8
OEH may then be found:
O = B Oy, . (3.19)
Substituting equations 3.19 and 3.18 in 3,1
ot 2tBo
o - . - X (3.20)



- 63 -

Equations C.1l, C.2, C.3, C.6 and 3.17, which give various relation- °
i 3 i : = + N
ships between OEL and OQR at failure, are all of the form OEL fCy KU&R’

where A is a constant. For uniformity with the rest of this work fCy may

be replaced by o, without any appreciable error; thus:

0. = O -+ 7\chR _ (3.21)

where N is a constant.

Substituting OQR from equation 3,20 in 3.21:

- 2tAB O
o, = o + di.._Bl__l . (3.22)

Substituting equations 3.18 and 3.22 in the relation P, =A 0. + A 0  :
H s sL c cL

) As o 2t A B cry
P, = ————-Y-B + A (0 k) (3.23)
1 il
where B = OEH/GSL s
Bl = \, 1 = B + Bz 3 and
A = a constant (equation 3.21)

From Figure 3.22, -~ 0.5 may be taken as a reasonable value for §;

and from equation 3.17 A == 5.0, Substituting B and A in equation 3.23:

3.8t O

_ - Ty
Py 075 A cry + A (crm + 3 ) (3.24)

3.5.3 Discussion

Failure load P_ is calculated by equation 3.24 and compared with test

H

load PT for columns MLl - M24 in Table 3.5. The agreement is satisfactory,
PH being always less than PT. The ratio PT/PH varies between 1.02 and

1.14 with an arithmetic mean of 1.07.

Equation 3.3 was based on the arbitrary assumption that § =°o<
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ices O, = - 0& and 0 =0, and that A = 4.1. Loads calculated by

sH L

equation 3.3 are also given in Table 3.5. The ratio (P

(r.)

H)equation 3.24/
PH equation 3.3 varies between 0.89 and 0f92°

Values of PH are given for various values of B and A in Table 3.6
for a thick and a thin tube. It may be seen that PH based on 8 = - 0.5
‘and A = 5.0 is only 10 per cent smaller than PH based on 8§ =e= and

A = 4.0, This explains why equation 3.3 gave fair agreement with test

results, in spite of being based on the limiting value of §p =oc .,

Equation 3.24 is used to calculate the failure load PH for 11 stub

(3'12). The steel had a rounded stress-strain

columns tested by Gardner
relationship, and for the purpose of equation 3.24 G& is taken as the
0.2 per cent proof stress. PH is compared with the experimental failure
load Py in Table 3.7; the ratio PT/PH varies between 0,96 and 1.38 with an
arithmetic mean of 1.18. The predicted load PH for these columns is more
conservative than for the Imperial College columms (M1l - M24) . The

reason for this may be ascribed to the fact that 0& is taken as the 0.2

per cent proof stress.

It may be inferred that equation 3.24 can be safely used to predict

the failure load of circular stub columms.

3.6 CONCLUSIONS

The following conclusions may be drawn regarding the behaviour of

concentrically-loaded, concrete-filled, mild steel, circular stub columns:

@D) Longitudinal strains of the order of 20,000 }LS may occur at

only 80 per cent of the failure load. Strains greater than

28,000 }48 have been observed at or near failure.



(2)

(3)

(4

(5)

(6)

(7)

(8)
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The ratio of the lateral strain to the longitudinal strain is
approximately 0.2 at low loads; the ratio gradually increases
to 0.3 at about 60 per cent of the failure load, and then
rapidly increases to a maximum of 0.8,at or near failure,

associated with a volume increase of up to l.5 per cent.

A computer program has been written for calculating the elasto-
plastic biaxial stresses in the steel from the measured values

of the two strainse.

The steel yields under biaxial stresses approximately at two-
thirds the failure load. At this stage the longitudinal stress
is nearly equal to the uniaxial yield stress and the hoop stress
is negligible., Therefofe the restraining effect of the tube on
the concrete core is not appreciable up to about two-thirds the

failure load.

At or near failure the longitudinal compression in the steel is
approximately 0.75 x the uniaxial yield stress, and the hoop

tension is half the longitudinal stress in magintudes

The augmented strength of the concrete core, at or near failure,

is mearly twice the strength of uncontained concrete.

The relationship between the longitudinal stress and the longi-
tudinal strain of the biaxially stressed steel is approximated
by equation 3.11, and that of the triaxially stressed concrete

by equation 3.12,

Equation 3.17 may be used as the failure criterion for the

concrete core.
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(9) The failure load may be up to 1.6 times the sum of the uni-
axial compressive strengths of the steel and the concrete,

and can be predicted by equation 3.24.



CHAPTER 4

MOMENT-GCURVATURE TESTS

4.1 PURPOSE OF THE TESTS

Under eccentric loading both the longitudinal and the hoop stress
vary across the section, and no theory is available for the inelastic
deformation of concrete under three unequal principal stresses. It is
intended therefore to account for triaxial effects in eccentrically
loaded columns by incorporating the results of experimentally determined

moment~curvature relationships in the column analysis.

4.2 DESCRIPTION OF SPECIMENS

35 - 6 5/8 in diameter specimens were tested. These were divided
into 7 groups, A to G, each consisting of five specimens, numbered 1 to 5.
(Table 4.1). The variable parameter between groups was the tube thickness,
and the variable between specimens within the same group was the axial load.

Columns Dl - D5 were tested empty.

External dimensions of a typical specimen are shown in Figure 4.1.

. . ' o . .
External diameter was measured at four points at 45 around the mid-height
section, and the arithmetic mean is given in Table 4.1, Thicknesses were

. . o .
measured at eight points at 45 around the perimeter, and the mean value
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is tabuleted. The test specimen was 2 ft 3 in long. An 11 5/8 in long,
8 3/8 in diameter and 1 1/4 in thick tube was welded on to each end of the
test specimen. The external surface of the end pieces was machined after

being welded to the test specimen.

The total 1ength‘of 4 ft 2 1/4 in was filled with concrete while the
tube was held in a vertical position. Columns of the same group were
filled with concrete on the same day; three columns were filled from one
batch and the remaining two from a second batch of the same mix. Al }/4 in

diameter poker vibrator was used.

Before pouring concrete the bottom of the tube was clamped tightly on
to a steel plate so that the concrete was flush with the steel surface. The
same result was achieved at the top by finishing the hardened surface of

concrete with 'plycol!.

443 CONCRETE MIX

The concrete mix ratios by weight were:

water/cement 0.58
aggregate/cement 6.0
coarseffine aggregate 1.5

Rapid hardening Portland cement was used. Maximum size of the aggregate

was 3/4 in.

4.4 AUXILLARY TESTS

Two 6 in cubes were cast for each column, and cured under wet hessian
for seven days. Then the cubes were stored in the ambient atmosphere of

the laboratory until tested in accordance with BS 1881 (4:1) on the same



day as the column. Strengths of the two cubes were within 7 per cent
of each other for all the columns, except for F4 when they were 10 pef

cent apart, The average value is given in Table 4.1,

Colﬁmns of the same group were cut from a single tube length from
which three tensile coupons were also taken. The coupons were tested
later, and the average values of the yield stress and Young's modulus are
given in Table 4.1. The steel had a long yield plateau, the strain

hardening strain being not less than 0.02.

4.5 INSTRUMENTATION

Figure 4.2 shows the positions of deflexion clocks and strain gauges.
Deflexion measurements were taken on the convex side so that local
wrinkling of the tube wall, if any, would have a minimum effect on the
readings. The dial gauges were attached to a fixed vertical axis,
therefore the readings do not represent deflexions relative to the coiumn
ends, but give the displacements of points 1, 2 and 3 (Figure 4.2)
relative to one another. However, this has no effect on the value of
the curvature calculated from the deflexions. It may be mentioned here
that points 1 and 3 represent the centre of rotation of the top and
bottom bearing respectively, therefore very small movements were anti-

cipated at these two points.

The strain gauges were rosette type, each gauge being 10 mm long.
The steel surface was cleaned with emery and the gauges were stuck with

a commercial glue called "Devcon 101",



- 70 -

4.6 TEST RIG

~The test rig is shown in Figure 4.3. It consisted of: (A) a 500
tonf lapped ram fof applying a constant axial load, (B) two cylindrical
0il-film bearings, (C) two moment arms into which the column ends were
clamped, and, (D) two lapped rams, 1O tonf each, connected to the same
pressure source but acting in opposite directioms. The 10 tonf rams were
connected to the moment arms through ball-seatings and were used to apply

increasing moments, the distance between their centres being & ft 2 in.

Two smaller cylindrical bearings rotating in a plane at right angles
to the plane of bending were interposed between the column ends and the
0il-film bearings (B). The smaller bearings, which are not visible in
Figure‘4.3, were used to accommodate any initial out-of-straightness that
the specimen may have had. However, the smaller bearings wexre locked

immediately before the test had started.

The o0il-film bearings (B) were practically frictionless; under a load

of 300 tonf the bearings could be pushed sideways with one finger.

Three amsler cabinets were used -~ one for ram (A), one for ram (D)

and the third for maintaining oil pressure in the 0il-film béarings (B).

The structural frame of the rig consisted of 4 - 6 in diameter mild
steel columns fixed at the bottom to the strong floor of the laboratory
and at the top to a special box-girder. Friction clamps were used for

all the eight connections.

4.7 EXPERIMENTAL PROCEDURE

Contact between the end faces of the specimen.and the horizontal

interior surface of clamps (C) was ensured by applying a small pressure



in ram (A). ©Pressure was next applied to the oil in the oil-film
bearings (B), and then clamps (C) were tightly fixed. Initial gauge
readings were taken at this stage. 0il pressure in ram (A) was then
increased until the axial load reached a pre~assigned value P at which

it was kept constant for the rest of the test.

After the constant axial load was reached, a continuously increasing
moment was applied to the ends of the specimen by increasing the pressure
in jacks (D). This was continued until the moment arms (C) were about.
to hit the 6 in diameter colummns on one side of the structural frame.

Then the pressure in rams (D) was réleaséd followed by release of pressure
in ram (A). The test was completes Strain and deflexion readings were

taken throughout the test at fixed intervals of moment.

For 26 specimens strains were rccorded by a digital data logger
(SOLARTRON). For the remaining 9 specimens, i.eo. all specimens in groups
A and G except G2, a PEEKEL voltmeter was used. Deflexions were recorded

manually-for all the specimenss

4£.8 EXPERIMENTAL RESULTS

The value of moment at which the test was terminated is given in
Table 4.1. Since the centres of rotation of the top and bottom bearings
(B) were only 7.5 in away from the mid-height of the test specimen, the
deflexion at the mid-height of the specimen was small. Thus the additional
moment (= axial load x deflexion) was small compared to the moment applied

by the jacks (= load in jacks (D) x 4 ft 2 in), and is neglected.

Columns Al, Bl, Cl, DL, El, Fl and Gl were tested under low axial

loads, 3.9, 5.0, 6.0, 5.0, 5.0, 5.0 and 12.0 tonf. These were intended



to be tested under P = 0, however, a low value of P had to be maintained
in order to secure the specimen in the top and bottom clamps. Successive
columns in the same group were tested under increasing axial loads.

(Table 4.1).

Strains of the order of 22,000 fLS were measured, Strains 81, and

€, in gauges 1 and 2 (Figure 4.2B) give the curvature

Within the elastic limit €3 and 84 are found to be nearly equal. However,
they differ significantly in the post-elastic range, probably due to local

weaknesses in the steel.

The deflexion readings also give a value of curvature. From the
first order difference formula (Figure 4.2A)
& -282+83

p =
d 7.5%

For small values, Py and Pq show close agreement, but for higher
values they differ appreciably in some tests. Py values are not available
at high curvature because strain gauges l.and 2 had failed by then., P4 is
used in all the moment-curvature plots in Figures 4.4 to 4.10, except for

A2 when P is plotted.

Maximum curvature in Figures 4.4 to 4.10 is 10,000 jAS/in; For the
empty tube tests, group D, the moment-curvature curves show flat plateaus
indicating that the stress-strain relationship for steel is trapezoidal.
The falling part of the curve for D4 is ascribed to local wrinkling of the
tube wall. Curves for the filled tubes, particularly those with high
axial load, do not show a flat plateéu because of the augmentation of the

strength of concrete due to lateral containment.



- 73 -

Tests were terminated when the moment arm (C) (Figure 4.3) was
about to touch the structural frame of the rig. At this stage the

specimens were appreciably bent.



CHAPTER 5

COMPARISON OF EXPERIMENTAL MOMENT-CURVATURE CHARACTERISTICS

WITH CALCULATIONS BASED ON EQUIVALENT STRESS..STRAIN CURVES

5.1 INTRODUCTION

Moment-load-éurvature'characteristics (referred to‘as MeP=p
charactéristics) have been experimentally determined for 35 circular
sections of 6 5/8 in nominal diameter, comprising 7 thicknesses with 5
levels of axial load for each thickness. Five of the columms, (D1 - D5),
were tested empty, and the remainder were filled. For the filled columns,
when the axial load is low the triaxial effects are insignificant. The
effect of triaxial augmentation increases with increasing axial load,
approaching the maximum augmentation in the limiting case of a concen-

trically-loaded stub column.

In this chapter, a semi-rational method is presented for numerically
simulating the éxperimental M-P-p characteritics on a digital computer,
because a rigorous analysis is impracticable when triaxial effects are
significants. Once the computer program is developed for simulating all
the 35 experimental M-P-p curves, it may then be used for generating

similar characteristics for any other sectiomn.

The process of numerical simulation consists primarily of developing
a computer program which may calculate the M-P-p characteristics of any

tubular section, either filled or empty, for any given set of stress-strain
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relationships for the steel and concrete. The computer program is then
used in three‘stages with pre-assumed sets of stress-strain relationships
for thé materials, and the calculated M-P-p curves are compared with the

experimental ones. The three stages are:

Stage 1 - Empty tubes (Dl - D5): The uniaxial stress-strain
relationship determined for the steel from tensile coupon tests, is used
in the computer programes The computed M-P-p curves are then compared

with the experimental ones.

.Stage 2 -~ Uniaxial M-P-p curves: The stress-strain relationships
for the steel and concrete, which have been used to determine the uniaxial
column failure loads, are fed into the computer program to generate uni-
axial M-P-p curves. These are then compared with the experimentél curves
to ascertain the level of the axial load above which triaxial effects must

be included.

Sﬁage 3 - Triaxial M-P-p curves: An approximate calculation is
carried out by using a set of equivalent stress-strain relationships,
augmented for the concrete and reduced for the steei, and based on the
resﬁlts of axially-loaded stub column tests. The calculated M-P-p

characteristics are compared with the experimental curvese.

5.2 STRESS-STRAIN RELATIONSHIPS

The available information on the relationships between the longitudinal
stress and the longitudinal strain for the steel and the concrete is as

follows:

Steel: The tensile coupon tests showed a long yield plateau, the

strain hardening strain being not less than 0.02. Therefore it is



reasonable to assume the uniaxial stress-strain relationship for the

steel as trapezoidal (Relationship 1 in Figure 5.1).

When the axial loéd is high the steel is stressed biaxially and it
cannot sustain the uniaxial yield stfess in the presence of a hoop tension.
In the limiting case of a concentrically-loaded stub column, it has been
shown that the relationship between the longitudinal stress and the longi-

tudinal strain in the biaxially stressed steel may be approximated as:

o e : _ €
o 0.95 (’g) when = << 1.0

1.063 (g/e_) - 0.113 (5.1)
2 = J when £ =1.0
% 1.417 (s/ey) - 0.417 e, .

Equation 5.1 has been derived from experimental results of stub columns
having d/t ratios between 17 and 37; it may be mentioned here that the
35 M~P-p specimens have the same range of d/t. Equation 5,1 is plotted

in Figure 5.1 and marked as relationship 2.

Concrete: The uniaxial stress-strain relationship for concrete

has already been defined in Chapter 2:

o _ 2 3 4
) Em = 2e41(8/8m) - 1.865(8/8m) + O.5(8/8m) - 0.045(8/8m)
€
when T == 4.0 (5.2)
m
o g
T = 0 when = = 4.0
m m

Equation 5.2 is plotted in Figure 5.2 and is marked as relationship 1.

Relationship 1 for concrete, when used with a trapezoidal stress-
strain relationship for steél, would lead to M-P-p curves with a drooping
part beyond the peak. However, the experimental M-P-p (Figures 4.4 to

4,10) do not have any falling part even when the axial load is small,
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When the axial load is small thev8xperimental M-P-p curves show a nearly"
flat plateau. This suggests that the stress-strain relationship for the
concrete should also have a flat plateau instead of a falling branch
beyond the peak. ihus a modified uniaxial étress—strain relationship
identical to equation 5.2 for E/Enl‘::l'O and then having a flat plateau
may be assumed. The modified stréss-straiﬁ curve is shown as relation-

ship 2 in Figure 5.2.

Whereas the peak stress in concrete under uniaxial compression is
Oﬁ, it may be twice as strong when the radial stress is significant.
1t has been shown that the relationship between the longitudinal sﬁ:ess
and the longitudinal strain in the concrete core of a stub column under
increasing axial load may be approximated as:

2,41 cg )
- m (5.3)

m 1 + 1.105 (g )
m

ala

Equation 5.3 is plotted in Figure 5.2, and is marked as relationship 3.

5.3 COMPUTER PROGRAM

A computer program has been written for calculating the M-P-p
characteristics for circular or rectangular concrete filled sectionms.
"An empty tube is analysed by specifying a zero stress for all strains
in concrete. The same program can generate M-P-p curves for reinforced

concrete sections.

The program is so written that it may take any stress-strain relation-
ships for the steel and concrete (different relationships in tension and
compression) into account. Various stress-strain relationships are used

in the program, and they are stated as and when they occur. For the time



being it may be assumed.that the stresses in the steel and concrete for -

a'given strain are known.
The assumptions on which the computation is based are:

(1) . There is no slip between the steel and concrete, and plane

sections remain plane after bending;

(2) Stress-strain relationships are reversible and are identical

in bending and compression;

(3) For any strain distribution the steel and concrete in the
section may be replaced by a sufficient number of strips
parallel to the neutral axis, so that the error involved in
assuming a uniform stress distribution across the strip is

negligible.

The computation of M-P.p characteristics consists basically of
calculating the internal force and moment for a given strain distribution
defined by the curvature p and the distance Y of the neutral axis from
the centroidal axis. For given values 6f P and.Y the strains at the
centres of the strips are known, and the stresses may be calculated from
known strain values by using the relevant stress-strain relationships.
The stress at the centre of a strip is assumed to be uniform over the
strip, whence the force in the strip and the moment of this force about
the centroidal axis are calculated. The sum of the strip forces and
moments gives the force and moment over the section for the given values

of p and Y.

The process of dividing the steel and the concrete into a number of
strips, makes it possible to incorporate any stress-strain relationship

in the relevant sub-routine of the computer program without involving



the main program. In the computation the steel is divided into 30
strips and the concrete in 20; for the simple case of a square tube
with trapezoidal stress-strain curves, this gives values of force and

moment close to those obtained by rigorous integration.
The computation consists of the following steps:

(1) Select suitable values of the curvature p (40 - 10,000 }AS/in

in increments of 40 }JS/in is used);

(2) Choose the value of the axial load P for which the moment-

curvature relationship is required;
(3) Take the smallest value of p;

(4) Select a trial value of the distance Y of the neutral axis

from the centroidal axis;

(5) Using the values of P and Y calculate the axial force P and

the moment M;

(6) If the calculated P is equal to the required P, proceed to
step (7). Otherwise modify the value of Y and repeat step (5)
until the  calculated and required values of P are within a pre-

assigned tolerance;

(7) Take successively increasing values of p and repeat steps (4)

to (6) for each value of p.

Steps (1) to (7) give the M-p relationship for one value of P; the

=

process may be repeated for other values of P.

The program is used in three stages to calculate M~-P~p characteristics
for: (1) empty tubes, (2) filled tubes with uniaxial stress-strain relation-

ships and (3) filled tubes with triaxial augmentation.



5.4 EMPTY TUBE

Five sections, D1 - D5, were tested empty under axial loads of 5,
20, 40, 80 and 100 tonf. Measured dimensions and material properties

are given in Table 4.1, and the squash load PL

(= As°§) is given in
Table 5.1. It may be seen that the ratio P/PL varies between 0.05 and
0.95. Column D5 failed under 95 per cent of the calculated squash load

before any moment was applied.

The experimental M-P-p curves for the remaining 4 sections are
compared in Figures 5.3 to 5.6 with the curves computed from a trape-
zoidal stress-strain realtionship for the stcel; it may be seen that
there is satisfactory agreement. The experimental curve of column D&
shows a falling part because of local wrinkling of the tube walls under .

high strain.

The comparison in Figures 5.3 to 5.6 confirms the trapezoidal stress-

strain relationship for the steel,

5:5 UNIAXITAL M-P-p RELATIONSHIP

M-P-p characteristics calculated from uniaxial stress-strain
relationships for the steel and concrete are compared with the experi-
mental characteristics in order to ascertain the level of axial load

below which triaxial effects are insignificant.

The stress-strain relationships fed into the computer program are
marked relationship 1 for the steel in Figure 5.1 and relationship 1 for

the concrete in Figure 5.2.

In Table 5.1 the calculated uniaxial moments are compared with the

test moments, and the axial load is given in the non-dimensional form



P/FL where P

L s the nominal squash load (= A50§ +-Acoﬁ). 1t may be

seen that P/PL varies between 0.02 and 1.10, and that the agreement
between the uniaxial moment and the test moment is satisfactory for low
values of P/PL. As the axial load increases, the triaxial effects

become progressively higher.,

The experimental M-P-p curves are compared with the calculated
uniaxial curves for the first two columns of each series, i.e. for Al,
A2, Bl, B2, ..., Gl and G2 which were tested under low axial loads
(Figures 5.7 to 5.18). There is excellent agreement between the
experimental and the calculated curve up to the peak of the calculated
curve. Beyond the peak the calculated curve has a falling part whcregs
the experimental curve has either a flat plateau or a gentle upward

slope after the initial steep rise.

The above comparison suggests that even at low values of the axial
‘load the stress-strain relationship of the concrete core does mnot have
a falling part, The uniaxial stress-strain curve forvconcrete is,
therefore, modified by adding a flat plateau at the peak instead of a
falling part (called relationship 2 in Figure 5.2) This modified
uniaxial stress-strain curve for the concrete is then used together with
the trapezoidal curve for the steel, and M-P-p characteristics are

calculated; these are called the modified uniaxial M-P-p characteristics.

The modified uniaxial M~-P-p characteristics are plotted in Figures
5.7 to 5.18 for columns Al, A2, Bl, B2, ..., Gl and G2. It may be seen
that these curves are in satisfactory agreement with the experimental
curves for all values of curvature. For these 12 coluﬁns the uniaxial
M-P-p curves have nearly the same peak value of the moment as the modified
uniaxial M-P-p curves, this means that column failure loads calculated

from these two M-P-p curves will be nearly equal while P has a low value.
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For the 12 colummns, Al, A2, Bl, B2, «.., Gl'aqd G2, the ratio P/PL
varies between 0,02 and 0.32, and the modified uniaxial ﬁ-P-p curves are
in satisfactory agreement with the experimental curves. As the ratio
P/PL becomes greater the difference between the experimental and modifiéd
uniaxial M-P-p curves becomes larger; this may be seen from Figures 5.19

to 5.21 where M-P-p curves are plotted for colummns E3, E4 and E5 for

which P/PL varies between 0.47 and 0.87.

It is necessary to find the value of P/PL up to which the modified
uniaxial M~P-p curves are acceptable., This is done by comparing the
maximum values of the moment for the experimental and the calculated
M-P-p curves. Figure 5.23 shows a plot of the ratio (maximum experimental
moment /maximum uniaxial moment) against P/PL, and Figure 5.24 shows a
similar plot using the modified uniaxial moments. It.may be inferred
that the modified uniaxial M-P-p curves can be used for all values of

P/PL up to 0.4'0

In conclusion, M-P-p characteristics calculatéd from a trapezoidal
stress-strain relationship for the steel, and a2 modified uniaxial stress-
strain relationship for the concrete (shown as relationship 2 in Figure
5.2) show close agreement with experimental M-P-p characteristics for
all values of P/PL up to O.4. As the value of P/PL ihcreases the
difference betwéen the calculated and the experimental M-P-p curves
becomes greater because of increasing triaxial effects. Therefore, a
different set of stress~strain relationships is necessary for simulating.
the experimental M-P-p curves when P/PL is greater .than 0.4; this is done

in the next section.

(5.1, -5.2.and 5.3) tested 22 circular and 17 square sections.

Furlong
under various amounts of axial loads, which were held constant while

moments were increased until the columns ceased to sustain the axial loads.
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The M-P-p curves are not given, instead the axial load and the moment

at failure are tabulated, The ratio P/PL varies between 0.0 and 0,86,
25 tests having P/PL less than 0.50. The experimental failure moments
are compared in Table 5.2 with calculated uniaxiél moments. The pattern
of increasing triaxial effects with increasing P/EL is not as consistent
as in the Imperial College tests, but the general conclusions drawn from

the Imperial College tests are sustained.

v5.6 TRIAXIAL M-P-p RELATIONSHLP

A set of stress-strain relationships for the steel and the concrete
have to be assumed for generating M-P-p curves when P/PL is greater than

Oely iee. triaxial effects are significant.

The available information on the stress-strain relationships for
the steel and the concrete has been discussed in Section 5.2, It has
also been shown that for P/EL==: 0.4 stress-strain relationship 1 for
the steel (Figure 5.1) and relationsﬁip'Z for the concrete (Figure 5.2)
are applicable. As P/PL increases the triaxial.effects become pro-
gressively higher, attaining the maximum triaxial effects in a
concentrically-loaded stub column. For a concentripally-loaded stub
column the equivalent stress-strain relationship for the steel is given
by equation 5.1 (relatiomship 2, Figure 5.1) and for the concrete by
equation 5.3 (relatiomship 3, Figure 5.2). Using these two stress~
dtrain relationships the failure load of a stub column under pure

compression may be calculated as:

P = 0.,75A 0 + 2.18A ¢ (5.4)
u sy . cm



Equation 5.4 gives an approximate estimate of the failure load; a more

exact estimate is given by equation 3.24.

The stress-strain relationships for the steel and concrete are
known for tﬁe two limiting cases, namely, (i) when P = 0.4 PL and an
increasing moment is applied, and (ii) when there is no moment and P is
increased until the column fails under a load Pu. For all intermediate

cases, as P varies between 0.4 P. and Pu a linear interpolation for

L
stress between the two limiting stress-strain curves may be adopted in
the calculation of M-P-p relationships. This assumption is conjectural,

but it is seen later that it leads to M-P-p curves in good agreement with

the experimental curves.

The stress-strain relationships fed into the computer program for

simulating experimental M-P-p curves when P is greaﬁer than 0.4 P are

L’

summarised below:

(1) For the steel
(a) in compression =
A linear interpolation for stress between relationships 1 and

2 (Figure 5.1) as P varies between 0.4 PL and Pu

(b) in tension -
Rélationship 1, i.e. a trapezoidal stress-strain curve, for
all values of P, (When the steel is under a state of biaxial
yield, the presence of hoop tension ( = O&) can only increase
the longitudinal tension beyond the yield stress. Therefore,
it is safe to assume the full uniaxial stress-strain curve
for the steel in tension, even when the axial load is high and

triaxial effects are significant)
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(2) For the concrete
(2) in compression -
A linear interpolation for stress between relationships 2

and 3 (Figure 5.2) as P varies between 0.4 P and Pu

L

(b) in tension -

Zero stress for all strains.

The above set of stress-strain relationships are fed into the computer
and the 'triaxial! ﬁ-P-p characteristics are generated for the last three
columns of each series, l.e. A3, A@, A5, B3, B4, B5, «s, G3, G4 and G5
which have P/PL varying between 0.4 and 1,10. The calculated triaxial
curves are compared with the experimental M-P-p curves in Figures 5.25
to 5.41. The uniaxial M-P-p curves are also plotted on the same Figures
to show the extent of triaxial augmentation. No comparison can be made
for column B5 which failed under an axial load of 170 tonf before any
moment was applied. For B5 the appoximate.stub column failure load

Pu is 215 tonf; the reason for its premature failure cannot be traced.

From the comparison for the 17 columns in Figures 5,25 to 5.4l it
may be inferred that the simulated triaxial M-P-p curves are in good

agreement with the experimental curves.

5.7 - CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK

A method is now available for simulating the experimental M-P-p
characteristics on a digital computer. The method may be used for all

circular sections with the d/t ratios varying between 17 and 37.

The reported tests cover a range of d/t between 17 and 37, whereas

the manufactured tubes have a d/t range of 15 to 52. Therefore some



further tests with thin tubes are necessary.

Although the method is applicable to all values of the axial load
up to Pu’ test data are not available for axial loads greater than the

nominal squash load, isce P, == P << Pu' When further tests are done

L

the complete set of M-P-p curves will be available and failure loads
may then be predicted for éll eccentrically-loaded circular columns
taking triaxial effects into account; in the meantime, it will be safe
to analyse those eccentrically~loaded columns which have maximum loads
1es$ than P, .« The method of predicting the failure load for a given

L

length and eccentricity from pre-determined M-P-p curves for the section

(5.4)

is well known ,» however the analysis is not included in this thesis.

A similar set of tests on square and rectangular tubes seems to be

necessary.
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APPENDIX A

YIELD CONDITION AND FLOW LAW FOR PLASTIC SOLIDS

The generalised yield condition and flow law for perfectly plastic
solids were established between 1950 and 1956, and have been summarised

by Hodge (3°6). This appendix follows Hodge's summary.

When two or more independent stress components exist at a point, the
elastic range cannot be represented by any finite number of values of the
stress components; a functional representation is needed. Therefore it
is assumed that there exists some function f which depends generally
upon the stress components and the previous stress history, such thag
when f is less than some pre-assigned number the material is elastic.

For a perfectly plastic solid, this yield_function is, by definition,
independent of the stress history and depends only upon the stress.
Therefore, defining f in a suitably normalized fashion, the condition

for elastic behaviour may be written as:

f (Ql, Qz, seso e vy Qn) <].
where Q,, Q. csceee; Q are the generalised stress components.
1 2 n .

Further it follows from the definition of perfect plasticity that f
can never be greater than 1. Since f does not change with stress history,
it is evident that plastic flow can take place only when f is and remains

at unity. This may be presented as follows:



“Plastic: fF =1 and £ = 0
(A.1)

Elastic: f < 1 or f << 0

L3

where dots indicate differentiation with respect to time.

These conditions may be conveniently visualized in a stress space
whose co-ordinates are the variables Qi' The equation £ = 1 then
represents the yield surface and £ <= 1 is that side of the surface

toward the origine

Before proceeding further to establish a relation between plastic
strain components and stress componénts, it is necessary to state

(3.6)

Drucker's postulate of plastic irreversibility: Let a perfectly
plastic solid be in equilibrium under an arbitrary set of body forces

and surface tractions, Now, let some external agency apply an additional
load to the body and then remove it. Then the work done by the external
agency during the loading is pésitive, and the work done by the external
agency during the complete cyéle of loading and unloading is non-negative.
This requirement was first formulated by Drucker (1950 -~ 52) and is

essentially a statement of plastic irreversibility. 1In other words,

energy put into a plastic deformation can never be recovered.

The consequences of this postulate may now be discussed in the
geometrical terminology of Figure 3.2, Let the equilibrium stress point
. ¥
under a set of body forces and surface tractions be at Q (inside or on
the yield surface) at a time t = 0., Let the external agency be such as
to move it first to point Q at a time t and then along the yield surface
to point Q + &Q at time t + &t. Removal of this agency then returns the
. > . * . > s
point to Q at a time t . Denoting the components of Q. by Qi and the
24

corresponding strains by q;» etco., the total work done during the cycle

may be written as



t t + &t t
SW, = Q q; dt + Q gq; dt -+ Q. q. dt
t t + ot

(A.2)

Now, quite generally the total strain rates may be written as the sum
of an elastic and a plastic part

q; = e “+ Py (A.3)

Then, since plastic straining can occur only from t to t + dt, equation

A.2 becomes:

t . t + 8t 't»
& W, = Q, e; dt + Q (;i + ;)i)dt + Q, ;i dt
Jo t t + &t
(a.l)
. t + 8t
or O Vo = (J‘qu e; dt + Q, f)i dt (A.5)
t

Here, the symbol E£> refers to integration about the complete path,
returning to the point Q . However, since by definition this integral
is elastic, the net work done in a closed cycle is zero, and equation A.J5
reduces to

t + 3t
dw, = Q p; dt (A.6)

Thercfore, work done by the external agency alone is

t + 8t ‘
Sw_ = Q - ci";) p, dt . (A7)
t
whence
. 5, .
Lim s = (Qi - Qi) Py _ (A.8)

St—=~ 0
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Therefore the postulate that work done by an external agency during a

complete cycle of.loading and unloading be non-negative amounts to:

@ - Q) P, = 0 ’ ' (A.9)
i i i

Equation A.9 imposes a very severe restriction on the allowable shapes of
the yield surface £ = 1. Since the left hand side is a vector product,
condition A.9 can be sgtisfied only if Cos6 =0 or B0 = #/2, where 12

is the angle between vector (Qi - Q?) and vector Bi' That is bi must
make a non-obtuse angle wifh every vector (Qi - d;), and this must be
true for any Q$ in or on the yield surface. Therefore, if a plane is
dra%n‘through Q perpendicular to Bi’ then all admissible points d$ must

lie on or to one side of this plane. This means that the yield surface

f = 1 must be convex.

Reversing the above argument, bi must make a non-obtuse angle with
XL
every vector (Qi - Qi)' At a point on the surface with a uniquely
defined normal, this can only be satisfied if bi is in the direction of

the normal. Thus

L] _ L] if_—
Py = A 2q, | (A.10)

where A is an undetermined but non-negative scalar quantity.

In conclusion, given the convex function £, the behaviour of the
perfectly plastic material is governed by equation A.3 relating elastic
and plastic strains, A.l stating the condition for elastic or plastic

behaviour, and A.10 giving the plastic flow law.
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APPENDIX B

POST-ELASTIC BIAXIAL STRESS-STRAIN RELATIONSHIP

The generalised yield condition and flow law, stated in Appendix A,
are applied here to the particular case of a tubular column. An element
of steel in the tube is subjected to a longitudinal compression GﬁL’ a
hoop stress OQH and a radial pressure GQR (Figure 3.1). GsR is small
compared to the first two stresses, and is neglected; consequently, the

problem is reduced to a biaxial stress condition.

When the steel stress-point is on the yield-ellipse defined by
equation 3.4, let the stresses be GQL and OéH. ,At this instant let
there be a small increment of load on the filled tube for which the
experimentally determined strain increments are SSSL and SSSH. With the
small increment of load the individual values of the stresses change
while the stress-point moves to a new position on the yield ellipse.

The problem is to calculate the stress increments SGEL and SOgH from

the known strain increments SSS and 888

L H
From equation A.3 it follows that the two strain increments may be

written as the sum of an elastic and a plastic component:

—_ € g p | ' . .

BSSL = SssL } SSSL : (B.1)
_ e P

BSSH = BSSH + Sssﬂ (B.2)
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From flow law A.10 it fol.lows that

P

SESL _ of/ D USL
p

'gesH of/ d Osn

where f is the yield surface given by equation 3.4 in our case. Hence

8P 20, -0
:L = 3L sH v (say) - (B.3)
By 2 Oy = 9,

Taking the partial derivatives of equation 3.4 with respect to UsL

and adding them together

and UsH
2GsLa GSL - crsH aGsL - crsL BCTSH + ZUsl{agsH = 0
or
20‘sL 0‘sL -2 crsH 1
55 = 5o o5 = ~= = @a (say) (B.4)
sH sL sH Y :
Since O, and UsH are known, ¥ and o« may be calculated from equations

B.3 and B.4.

For the elastic components. 882 and &Z:H the following relations

L

are applicable

e
B, SesL = & O, - v, ScrsH
or e
J¢€ o0
E_ O,SL = aGSL - v, (B.5)
2 sH sH

Substituting equation B.4 in B.5 and rearranging

28sL _ @ -V (8.6)
acrsH E
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Similarly,

e

aSsH _ 1 - vs o )
BU = —-—E—'——“ . (B.7)

sH s

It follows from equation B.l that

p . e
88sL T 88sL - 88sL
or
p e
o 8sL _ o SsL _ o 8sL (B.8)
2 CTsH 0 0‘sH aCTsIrI

Substituting equation B.6 in B.8

p

asSL — 38SL _ o vS (B 9)

ao‘sH ao‘sH Es

Similarly,

p

28y _ 8.y lL-v a

3. O 50 - 3 (B.10)
sH sH s -

Dividing B.9 by B.1lO

ScrsH
aeb Sy, - E_ (@ - vy)
= SO, (Bo 11)
ang de - S )
sH E s
s
Substituting equation B..3 in B.ll, noting ¢ = - —')1;, and rearranging
E (8, -y & )
8o — s sL sH (B.12)

sH o;-2vs-'y

From equation B.4 it follows that

ScrsL = q ScrsH . (B.13)

Equations B.12 and B.13 give the increments in stresses for small
increments of strain when the steel is in a state of yield under stresses

0 . and 0‘S When SGSL and SO‘SH are added respectively to UsL and UsH’

sL H*
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a new pair of values is obtained for GsL and UsH' This pair of values

also lies on the yield-ellipse providing 5851 and SSSH are sufficiently

v

small.



- 105 -

APPENDIX C

FAILURE CRITERIA FOR CONCRETE

Surveys of failure criteria for concrete under multiaxial stresses

(3.5, 3.8 and 3.9)

have been compiled by several -authors who have pointed

out the limitations of various theories.

The concrete core in a filled tube is stressed by triaxial com-
pression where Oi:=»oé = 03 (Oi =:O£L and Oé = 03 = OER)' Fortunately,
reliable experimental evidence is available for this state of stress in
concrete; the most comprehensive set of results was published by Richart

(3.5)

et al. s, who tested 208 concrete cylinders under various combinations

of axial and radial compression. Series 3A consisted of 64 - 4 in x 8 in
cylinders tested under a state of stress similar to that acting on the

core of filled tubes, i.e. 61:>-Oé = 05. There is, however, one difference
in the stress-history of these tests and a filled tube. In a filled tube

0, = O, (= OER) develops simultaneously with o) (= OEL)’ whereas in series

2= 03

applied in increments to failure.

3A,0 was first raised to the pre-determined value and then Oi was

In series 3A Oé = 03 varied between 180 and 4090 1bf/in2 and Oi
between 2840 and 19000 lbf/inz. 64 cylinders were made of three different
mixes with fCy = 1050, 2575 and 3660 1bf/in2. The following conclusions

were reached:
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(i) The presence of lateral pressure adds to the strength of the
specimen an amount, in general 4.1 times the magnitude of the lateral

pressure, i.e., at failure

o, = fCy + 4.1 0, (c.1)

At low lateral pressure the overall expression C.1 is conservative.

For Gé = 05*::1000 lbf/inz, the following expression is more accurate:

ql = fcy + 5.1 02 (C.2)

However, at high values of Oé =03 a better fit is given by

Oi = fcy + 3.5 Gé (C.3)

(ii) Laterally contained concrete has high ductility. The longi-

tudinal strain at maximum load ranged from 5000 to 70,000 fLS.

It may be noted here that equations C.1l, C.2 and C.3 can be related
to Coulomb's "internal friction theory", i.e., for each individual element
the resistance to sliding T is taken to be made up of two parts, one term

To » representing the shear strength of the material, and the second, CO,

a constant times the normal stress, representing the frictional resistance:

T = T, + CO , (C.4)

If Mohr's circles are plotted for equation C.l, the resulting Mohr-

envelope 1s a straight line of the form of equation C.4:
T =T, + 0780 (C.5)
where T = 0,25 £
o cy

Equation C.5 mzy be regarded as a criterion for sliding failure.
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(3.2)

Richart et al. tested concrete columns with spiral reinforce-
ment under axial loading and got a confirmation of equation C.1l; in this"
case, Oé = 03 developed simultaneously with 0, as in the case of a stub

column.

. 3. 10 . -
Hannant and Frederick ( ) have recently compiled most available
data for concrete under triaxial compression and recommended a two stage

minimum strength line of the form of equations C.l to C.3:

o0, = fCy + QOé s for 0 = éfcy
. (c.6)
0y f 1°75fcy + 30é s for éfcy < 0; <:'8fcy
k] (3' ll) -v . - .
Gardner tested 28 cylinders under triaxial compression and

found agreement with equation C.l given by Richart.



Yoc g PT Pm
Section s b t L L h e Initiai 40.9 yie{d fcu Expezi; Calculated p_/P Mode of
(Axis of peci- d Thick= engt 1/d eccentri- central et0e3y GSiress 20 em cube _on-d failure T'"m failure
men Depth Breadth (hinge to - deflec- failure
bending) ness . city . tonnes  strength load
hinge) ‘ tion — load
cm cm cm cm cm cm cm cm Tonnes/cm Tonnes Tonnes
Rectangu= Al 20. 14 10,16 0.575 366.5 18.2 0.0 0.36 0.324 4,4815 0.435 108.0 176.2 1.050 A
lar (102.8Y*
Major- A2 20.44 10.24 0,585 366.5 17.9 2.03 0.25 24255 0.435 100.7 126.1 0,939 A
axis (107.2)
(Filled) A3 20.39 - 10.15 0.565 367.7 '18.0 4,06 0.15 4,195 0,435 97.7 97.8 0,999 A
(102.1)
A& 20,44 10.22 0,530 367.7 18.0 8.12 0.18 8.282 04435 72.7 68.8 1.057 A
(99.6)
AS 20.46 10.25 0,570 367.7 18.0 12.18 0.17 12.333 0.535 >49.0 60.8 B
(109.4)
Rectangu- BE1 20,38 10,25 0.575 72.0 7.0 6.10 0.0 6.100 4,4815 0.0 56.7 62.4 0.909 C
lar BE2 20,39 10.06 0,545 122.7 12.2 0.05 6145 0.0 47.7 54.1 0.882 [
Minor=- BE3 20.49 10.23 0.550 183.6 17.9 0.04 6.136 0.0 45.2 50.6 0.893 [
axis BE4 20.34 10.25 0. 580 244.6 23.9 0.10 6.190 0.0 47,2 47.4 0.996 A
(Empty) BES 20.42 10.18 0.560 305.6 30.0 0.27 64343 0.0 40,7 40.3 1,010 A
BLE6 20.48 10.27 0.560 366.6 35.7 0.06 6.154 0.0 38.2 36.8 1.038 A
Rectangu= BF1 2044 10419 04520 72.0 7.1 6.10 0.0 5.100 4,485 0.439 7647 76.0 1.009 A
lar BF2 20,48 10. 24 0. 540 122.6 12.0 0.04 6.136 0.443 76.7 73.1 1.049 A
Minor- BF3 20.40 10.17 0.505 183.7 18.1 0.06 6.154 0.443 65.2 6.5 1.060 A
axis BF4 20.36 10,22 0.570 24445 23.9 0.10 6.1%0 0.439 60.7 58.6 1.036 A
(Filled) BFS 20.41 10.13 0.5%40 305.6 30.2 0.1l0 6.190 04443 49.5 48,7 1.016 ¢ A
BF6 20.37 10.23 0.560 366.6 35.8 0,13 6.217 0.443 4544 43.9 1.034 A
Square Cl 20.34 20.25 0.630 122.7 6.1 8.12 0.06 8.174 4.2288 0.484 163.7 160.6 1.019 c
C2 20.29 20,30 0.635 244.0 12.0 0.15 84255 0.484 149.7 145.2 1.031 A
Filled) C3 20.26 20.34 0.635 305.5 15.1 0.31 8.399 0.484 143.7 13446 “1.068 A
C4 20.36 20,40 0.635 366.6 18.0 0.19 8.291 0.484 127.7 127.2 1.004 A
CS 20,40 20.37 0.655 488.3 23.9 0,28 8.372 0.484 119.2 110.1 1,083 A

(ES = 2000 tonnes/cmz)

Mode of failure:

> Figures within parenthesls are minor axis buckling loads

Table 2.1

Comparison between calculated and experimental loads for square

»

overall bending
test Lncomplete

local wrinkling or bulging

and rectangular columns

30T



Computed loads
. T P =
Speci- li:g ¢ = smaller ny PT/Pc PT/Px
men p PX Pa PaX of calculated y
T, y P and P from Equation
X ay 2.14a
Al 108.0 176.2 102.8 176.2 102.8 102.8 1.05 1.05
A2 100.7 126.1 107.2 189.3 107.2 83.5 0.94 1.20
A3 97.7 97.8 102.1 190.8 97.8 67.7 1.00 l.44
A£|- 7207 6808 99.6 18109 68.8 5204 1006 1039
A5 > 49.0 60.8 109.4 202.7 60.8 4804 - -

(all loads are

P
ay

Table 2.2

and P
ax

in metric tons)

take measured initial out-of-straightness into account.

Comparison between experimental loads and loads calculated from equation 2.l4a

~ Series A

(Liege tests)

601
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Thickness = 0,144 in Thickness = 0.25 in
Cube Yield Failure load tonf Failure load tonf
strength| stress Length . '
1b/in’ | tonf/inZ| £t | F1 | T2 Fa | Fa | F1 | P2 | F3 | P4
6 36,1 35.9| 36,1 | 36.5]| 55.7 | 55.4 | 55.8 | 56.6
3 32.41 31.8] 32.3 1 32.8]| 50.0 ] 49.2| 49,9 | 50.7
16 10 20,9 26,2 2647 | 273 | 41.7 | 40.5 | 41.4 | 42.3
12 21.4] 20.6] 21.1 | 21.7 ) 33,1 | 31.9 | 32.7 | 33,6
14 16,81 16,2 | 166 | 17.0] 26.0 | 25.0 | 25.6 | 26.3
3000
6 50,0 49.5] 49.9 | 50.4 | 77.8 | 77.0 | 77.7 | 78.4
8 42,5 41,51 42.2 | 43.0| 66.2 | 64.6 | 65.7 | 670
23 10 32.81 31.8 32,4 1 33,1 51.1 | 49.4 | 50.4 | 51.5
12 24,71 23.8| 24,3 | 24.8 | 38.2{ 36,9 | 37.7 | 38.5
14 18,61 18,0 ]| 18,4 | 18.7 | 29.0 | 28.0 | 28,6 | 29.1
6 512 | 50,6 | 50,9 | 513 | 678 | 672 | 67.7 | 68.2
8 43,01 42,0 42.7 1 43.4 ] 59.4 | 58.2 | 5%.1 | 60,2
16 10 34,4 33.4 ]| 3441 | 34.8 1 48.3 | 46.7 | 47.8 | 48.9
12 26,7 | 25,7 1 26.3 | 27.0 ] 37.7 [ 36.3 | 37.2 | 381
14 20.4 | 19.5 1 20.1 | 20.6 | 29.2 | 28.0 { 28.7 | 29.4
9000
6 66.2 | 65,3 ] 66,0 | 66.7 92,3 ]91.2192.1 93,1
8 53.8 | 52.4 | 5344 | 54,4 | 7643 | 74.2 { 75.6 | 77.0
23 10 40,4 1 39,1 | 39.8 | 40.7 | 57.5 | 55.6 | 56.7 | 57.9
12 29,6 | 28,5 29.1 | 29.7 | 42.5| 41.0 | 41.9 | 42.7
14 21.7121.04121.4 | 21,8 31.8 | 30,7 | 31.3 | 35.0
d = diameter = 4.5 in
e eccentricity = 0.0
Yoc initial central deflection = 0.00006 12/d
poc initial central curvature = 0.,0006/d
e, = . Fictitious eccentricity (to replace initial out-of-straightness)
= TeY . > where r is taken as 1.0, 0.9 and 0.8 for loads P2, P3
and Pé respectively
P1 = failure load for the column with an initial central
curvature pOC
P2,P3 and P4 = see the definition of e,
Table 2.3 Influence of r (where €0 = "Yoc) on the failure load




0§/7m = 16 tonf/in2

£ n 3000 1b£/in” 6000 1bf/in” 9000 1bf/in?

PL 365 tonf ‘ 516 tonf 666 tonf '
e/d 0 C.l 0.2 0.4 0.6 0.81 1.0 0 0.1 0.2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.4 0.6 0.8 1.0
6 | 345 § 273 | 226 |162 | 120 | 94.0| 76.4[ 492 | 377 | 308 | 206 | 146 | 110 | 87.6] 637 | 480 | 383! 244 | 166 | 122 |95.2
8 | 335.1 263 | 218 | 156 | 116 | 91.0| 74.3| 468 | 362 | 294|196 | 140 | 106 | 84.6] 602 | 453 | 364|230 | 157 | 116 191.6
10 322 252 208 | 149 112 87.8( 71.9| 448 343 278 |} 186 133 101 8l.5] 575 433 3421 216 149 111 187.9
o 12 1 309 | 239 | 198 [ 142 | 107 | 84.5| 69.5] 425 | 324 | 261 [ 175 | 126 | 97.1| 78.4| 543 | 406 | 319 202 | 140 | 106 [8&.4
|14 295 | 227 187 | 135 102 81.3| 67.2} 401 303 2451165 120 92.9| 75.4} 509 378 2961 189 133 101 [80.9
1 | 16 282 214 177 | 128 97.9| 78.2 | 64.9| 377 283 229 [ 156 114 89.0| 72.6] 474 350 274 | 177 126 96.4|77.8
o188 | 272 | 203 | 167 | 122 | 93.7| 75.4| 62.7| 354 | 264 | 213 | 146 | 109 | 85.2| 69.9] 440 | 323 | 253|166 | 119 | 92.2174.9
g 20 263 191 157 | 116 89.6| 72.4| 60.6| 334 245 199 | 138 103 81.7| 67.3| 409 298 234 | 156 113 88.2172.0
: 22 | 254 | 181 | 148 {110 | 85.8| 69.7| 58.6| 316 | 228 | 185|130 | 98.4! 78.3| 64.9] 381 | 274 217 146 | 108 | 84.4{69.3
E 24 2441 172 140 | 105 82.2] 67.1} 56.6| 299 213 173 1123 93.71 75.1 62.6} 355 253 2021 138 102 80.9166.7
é 26 | 231 | 162 | 132 [99.5| 7846 64.6| 54,7 282 | 198 | 162|116 | 89.4| 72.1] 60.3| 331 | 233 | 187 | 130 | 97.3| 77.4|64.2
M |28 | 218 | 153 | 125 94.7 | 75.3| 62.2) 52.9| 263 | 185 | 151 | 110 | 85.2| 69.2| 58.1| 307 | 216 | 174|122 | 92.6] 74.3|61.9
30 | 204 | 145 | 118 | 90.0 | 72.1 | 59.9| 51.0| 244 | 173 | 141 | 104 | 81.3| 66.4| 56.1| 284 | 200 | 162 | 115 | 88.2| 71.2/59.6
35 | 169 | 124 | 103 |79.5 | 64.7 | 54.4| 46.9) 200 | 146 | 120 | 91.0| 72.5]| 60.0{ 51.2| 230 | 165 | 136 99.7| 78.1| 64.1|54.3
40 139 106 89.2170.3 | 58.2 | 49.5] 43.0] 162 122 103 179.8| 64.6{ 54.3] 46.8| 183 137 1151 86.8 | 69.4| 57.8149.5

Area: Steel 13.4 in2 Moment of inertia: Steel 315 ina
Concrete 140.5 in2 Concrete 1571 in4
Table 2.4 Ultimate loads for 14 in diameter x 5/16 in thick column (when Ym = 1.0 for steel and concrete)
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Gy/ym = 23 tonf/in

fcu/Vm 3000 1bf/in2 6000 1bf/in2 9000 1bf/in2
PL £59 tonf 609 tonf 760 tonf
e/d 0 0.1 | 0.2 | 0.4 | 0.6 0.8/ 1.0 0 0.1 | 0.2 | 0.4 0,6 0.8 | 1,0 0 0.1} 0.2 0.4 | 0,6]0.8 | 1.0
439 | 346 | 285| 208|158 | 125 | 103 | 579 | 450 | 367 | 257 | 187 144 | 116 | 725 | 553 446|299 | 211 | 159 | 127
428 | 333 | 274 | 200|152 | 121 | 99.8]| 563 | 431 | 351|246 | 180 | 139 | 113 | 699 | 528 | 425 284 | 202 | 153 | 122
10 | 415 | 319 | 262 | 192 147 | 117 | 96.6{ 542 | 410 | 333 {233 {172 | 134 | 109 | 670 | 500 | 401 | 268 | 191 | 146 | 117
& 12 | 402 | 304 | 248 | 184 140 | 112 | 93.3| 519 | 387 | 314|220 | 163 | 128 | 104 | 637 | 469 | 376|252 | 181 | 139 | 112
—~ | 14 | 391 | 289 | 235 174|134 | 108 | 90.0| 495 | 364 | 295|208 | 155 | 122 | 100 | 603 | 438 | 3501 236 | 171 133 | 108
''116 | 383 | 274 | 222 | 164 | 128 | 104 | 86.8| 474 | 340 | 275|196 | 147 | 117 | 96.3| 569 | 406 | 324 ‘221 162 | 126 | 103
éi 18 372 | 259 | 209 | 156 | 122 | 99.4| 83.5| 456 | 318 | 257 | 184 | 140 | 112 | 92.4{ 540 | 376 | 300|207 | 153 | 120 | 98.8
E 20 | 357 | 245 | 197 | 147 | 116 | 95.3| 80.41{ 434 | 297 | 239|173 | 132 | 106 | 88.7| 509 | 348 | 2771193 | 145 | 115 | 94.7
o |22 | 340 | 231 | 186 | 139|111 | 91.3| 77.5| 408 | 277 | 223|163 | 126 | 102 | 85.2| 475 | 321} 256|181 | 137 | 109 | 9.7
' E 24 | 319 | 217 | 175 | 132|106 | 87.5| 74.4| 379 | 258 | 207 | 153 | 119 | 97.0| 81.8} 438 | 296 | 2371169 | 129 | 10& | 87.0
é 26 | 295 | 203 | 164 | 125|101 | 83.7| 71.6| 348 | 239 | 193 | 144 | 113 | 92.7| 78.5| 400 | 273 | 219|159 | 122 | 99.3| 83.4
= 28 | 272 | 190 | 155 | 118 | 95.8 80.2 | 68.9| 318 | 222 | 180 |135 | 107 88.5| 75.3| 364 | 252 | 203|149 | 116 | 94.6| 80.0
30 | 248 | 178 | 145 | 112 191.2 | 76.8| 66.2| 289 | 206 | 168 [127 | 102 | 84.5| 72.3| 330 { 231 | 1881139 | 110.! 90.3!| 76.6
35 | 197 148 | 124 | 97.1/80.7 | 68.9| 60.1| 227 | 169 | 141 |110 | 89.4 | 75.5| 65.2| 255 | 187 | 156 | 119 | 95.9} 80.2| 68.9
40 | 156 | 124 | 106 | 84.7{71.5| 61.9| 5&.4| 176 | 139 | 119 [94.7 | 78.7 | 67.3| 58.9| 194 | 152 | 130 | 102 | 84.0| 71.4! 62.1
' Area: Steel 13.4  in® Moment of inertia: Steel 315 in['r .
Concrete 14045 in2 Concrete 1571 in4
Table 2.5 Ultimate loads for 14 in diameter x 5/16 in thick column (when Ym= 1.0 for steel and conérete)“

¢1T



_ . 2
0&/7ﬁ = 16 tonf/in

£ 3000 1b£/in® 6000 1bf/in’ 9000 1bf/in>
P 405 tonf 553 tonf 701 tonf
e/d 0 0.1) 0.2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.4 0.6 0.8 |.1.0 0 0.1 0.2 0.4 |0.6 0.8 1.0
384 305 253 183 137 | 108 88.1 | 526 407 333 228 | 164 125 100 669 508 410 267 | 185 138 109
373 294 244 | 176 | 133 | 105 | 85.7 | 503 | 390 | 319 | 218 {157 | 121 | 96.9| 635 | 486 | 390 | 253 1176 | 132 | 105
10| 359 281} 233 169 128 | 101 83.1 | 482 371 303 207 | 150 116 93.4| 606 460 .| 367 238 | 167 126 | 101
" 12} 345 268 222 161 122 1 97.4 § 80.4 | 459 351 286 196 | 143 111 90.0( 573 432 344 224 | 158 121 96.8
: 141 331 254) 211 153 117 [ 93.9 | 77.7 | 434 330 268 185 | 136 106 86.7| 539 403 320 210 | 150 115 93.0
¢ | 16| 319 241| 199 | 146 | 112 | 90.4 | 75.3) 410 | 309 | 251 | 175|130 |[102 | 83.6| 504 | 375 | 298 | 197 | 142 | 110 | 89.5
5 18 | 310 229| 188 139 108 | 87.1 { 72.7 | 387 289 235 165 | 123 97.8 | 80.5| 470 347 277 | 186 | 135 106 86.0
g 20 | 301 217 | 178 133 103 | 83.9 | 70.3 | 367 270 220 156 | 118 93.7 | 77.6| 439 321 257 174 | 129 101 82.8
,: 221 291 207 | 169 | 126 | 99.01 80.7 | 68.1| 351 | 252 | 206 | 147 {112 [90.0} 74.9) 412 | 297 | 239 | 1641122 | 96.7] 79.7
E 24 | 279 196| 160 120 94,8, 77.8 | 65.8 | 334 236 193 139 | 107 86.4 | 72.2| 388 275 222 155 | 116 92.7 76.8
é 26 | 266 186 | 151 114 90.9] 75.0 | 63.7 | 315 221 181 132|102 82.9169.7| 363 255 207 146 | 111 88.9 74.0
& 28] 251 176 | 143 109 87.1172.3{61.5]| 295 207 169 125197.6 {79.7 | 67.3| 338 237 193 138 | 106 85.21 71.3
30 235 166 | 136 104 83.5/69.6 | 59.5| 274 124 159 119 193.3 176.6 | 64.8] 312 220 180 130 | 101 81.81 68.7
351195 143 118 91.8| 75.2163.3 | 54.7 | 225 164 136 104 1 83.2 169.31 59.3] 254 184 152 113 1 89.4 | 73.7| 62.7
40 | 161 1231 103 81.3| 67.6| 57.6 | 50.2 ] 183 139 117 91.1j 74.4 162,81 54.31 204 154 129 98.8179.6 | 66.64_57.3
Area: Steel 16.0 in2 Moment of inertia: Steel 373 inér
Concrete 137.9 in2 Concrete 1513 in4
Table.2.6 Ultimate loads for 14 in diameter x 3/8 in thick column (when Y= 1.0 for steel and concrete) ”
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cfy/'ym = 23 tonf[in2
£ /7 3000 1bf/in’ 6000 1bf/in’ 9000 1bf/in’
P 518 tonf 666 tonf 814 tonf

e/d 0 0.1 .0-2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.4 0.6 { 0.8 1.0
6| 497 | 392 323 237 181 | 144 119 634 494 404 287 | 212 165 134 174 595 483 330 | 237 181 144

8| 484 378 311 229 175 | 140 116 616 474 387 275 | 204 159 129 749 570 461 315 4227 174 140

10| 471 362 297 219 | 169 | 135 112 594 | 452 368 261 | 195 153 125 719 540 | 436 298 | 216 166 134

B 12] 458 346 283 209 162 | 130 108 570 427 348 248 | 186 147 120 686 508 | 409 280 | 205 159 129
| L4} 489 329 268 199 1551125 105 547 402 327 234 | 177 140 116 651 475 382 263 | 194 152 124
! 16 | 440 313 254 | 189 148 1120 101 528 378 306 221 168 134 111 619 443 355 247 1184 144 119
éi 18| 427 297 240 179 141 1115 97.3 | 510 355 286 208 | 159 128 107 591 411 330 232 | 174 138 114
5 20| 411 281 227 170 135|111 93.7 | 487 332 267 196 | 151 123 103 560 382 306 217 | 165 132 109
f:. 221 391 266 214 161 129 | 106 90.2! 459 311 250 185 | 144 117 98.5| 524 | 354 1 284 204 | 156 125 105
E 24| 367 250 202 152 122 { 102 86.8| 427 290 233 174 | 137 112 94.6| 484 328 263 191 | 148 120 100
E 26 1 341 235 190 144 117 1 97.5 ¢ 83.6} 393 270 218 164 | 130 107 90.9| 443 304 244 180 | 140 114 | 96.2
e 28| 314 220 179 136 111 §93.5| 80.4| 359 251 204 ¢ 154|123 102 87.3| 404 281 227 169 | 133 109 92.3
30| 287 206 168 129 106 § 89.5 | 77.5| 327 233 190 145 117 97.8| 83.8] 366 259 211 159 | 126 104 88.5
351 228 172 144 113 93.9 80,5 70.2 257 192 161 126 | 103 87.3| 75.6| 285 211 176 136 | 110 92.5} 7%.8
40 | 181 144 123 98,5 83.4 72,2 63.7| 201 159 136 109 | 91.0§{ 78,0 68.4| 219 173 147 117 { 96.8 ] 82.5] 71.9

Area: Steel 16.0 inz Moment of inertia: Steel 373 in4
Concrete 137.9 in Concrete 1513 in
Table 2.7 Ultimate loads for 14 in diameter x 3/8 in thick column (when Y = 1.0 for steel and concrete) -
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Oy lvy = 16 tonf/in’

m= 1.0 for steel and concfete)ﬂ

! Vm 3000 1b£/in’ 6000 1bf/in’ 9000 1bf/in”
P 443  tonf 588 tonf 732 tonf
e/d 0 0.1 0.2 | 0.4} 0.6(0.8 1.0 0 0.1 0.2 | 0.4 | 0.6 0.8 | 1.0 0 0.1 0.2 0.4 |0.6 0.8 1,0
420 334 277 | 202 152 120 98.7 1 556 434 357 248 | 180 139 112 697 533 433} 288 203 152 |121
408 | 322 | 267 | 194 | 147 | 117 | 96.1| 535 | 417 | 342 | 2371173 | 134 | 108 | 664 | 511 | 413 274 1193 | 146 |117
10 | 394 | 309 | 256 {186 | 142 | 113 | 93.2| 514 | 397 | 325 | 226|166 | 129 | 104 | 634 | 484 | 390|259 {184 | 140 112
12 | 379 | 294 | 244 |178 | 136 | 109 | 90.4| 489 | 375 | 308 | 214|158 | 123 | 101 | 601 | 456 | 366 | 243 | 175 | 134 |108
& 14 365 380 232 1170 131 105 87.41 464 | 354 290 203 | 151 118 97.0} 566 426 342 1 229 166 128 (104
7‘ 16 354 267 220 {163 126 102 84,7 | 440 332 272 1021 144 114 | 93.6) 531 397 319 | 216 158 123 jloo
< {18 | 346 | 254 | 208 |155 |121 | 97.9| 82.0} 418 | 311 | 255 | 181|137 | 109 | 90.2| 498 | 369 | 297 { 203 | 150 118 196.3
? 20 337 242 198 | 148 116 94.4 | 79.3| 400 292 239 172} 131 105 87.0| 468 343 277 { 191 143 113 {92.7
_ ~ 22 } 326 | 230 | 187 141 111 | 91.0 | 76,7 384 | 274 | 224 | 163|125 | 101 | 84.0| 443 | 318 | 258 | 180 | 136 | 108 |89.3
E 24 | 313 | 219 | 178 1134 106 | 87.6 | 74,3 366 | 257 | 211 | 154|119 | 96.7| 81.1| 419 | 296 | 240 | 170 | 129 | 104 (86.1
§ 26 298 208 169 [128 102 | 84.5| 71.9| 346 242 198 146 | 114 92.91 78.31 393 276 224 1161 123 99.383.0
E 28 281 197 160 1122 98.0 1 8l.5|69.,5| 324 228 186 139 {109 89.4 | 75,5 366 257 210 | 152 117 95.3180.0
30 | 263 | 187 | 152 [116 |94.0 | 78.5|67.2| 302 | 214 | 175 | 132|104 |85.9| 72.9| 340 | 240 | 196 | 144 | 112 | 91.4(77.2
35 1219 | 161 | 133 |103 |84.7 | 71.6 | 61.9| 249 182 | 150 | 115 93.1 | 77.8 | 66.8| 277 | 201 | 166 | 125 | 99.8| 82.6|70.4
40 {181 | 138 | 116 [91.5 |76.3 | 6442 | 56,91 203 | 154 | 130 | 102 | 8304 | 7046 | 61.2| 223 | 169 | 142 | 110 | 88.9 | 74.7 |64k
Area: Steel 18.6 in2 Moment of inertia: Steel 429 in4
Concrete 135.3 in2 Concrete 1457 in
Table 2.8 Ultimate loads for l4 in diameter x 7/16 in thick column (when Y
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Oy/ym = 23 tonf/in2
A 3000 1b£/in’ 6000 1bf/in’ 9000 1bf/in?
PL 573 tonf 718 tonf | 863 tonf
e/d 0 0.1 ] 0.2} 0.4| 0.6 0.8{1.0 | O 0.1 | 0.2} 0.4]0.6 |0.8 | 1.0 0 0.1 0.2] 0.410.6 0.8 | 1.0
550 | 434 | 359 | 264 | 203 162 | 134 | 685 | 535 | 438 | 314 | 234 | 183 149 | 818 | 634 | 516 | 359 | 260 | 200 | 161
537 | 419 | 345 | 255|196 | 157 130 | 665 | 513 | 420 | 301 | 225 | 177 145 | 795 | 607 | 493 | 342 | 250 193 156
10 | 523 | 402 | 330 | 244 {189 152 | 126 | 643 | 490 | 400 287 | 216 170 | 140 | 765 | 577 | 467 | 324 | 238 | 185 150
o {l2 1 511 384 | 314 | 233 ]18l1 146 122 | 618 | 464 | 378 | 272 | 206 163 135 | 731 | 543 | 440 | 306 | 226 176 144
2 14 | 502 | 367 299 | 222 {173 141 118 | 596 | 438 | 356 258 | 196 156 129 | 697 510 | 412 | 288 | 214 | 169 | 138
1 |16 | 492 | 350 283 211 | 166 135 | 114 | 579 | 413 | 334 | 244 | 187 150 | 125 | 666 | 476 | 384 | 271 | 203 161 | 133
éi 18 | 479 | 333 268 | 200 {159 130 | 110 | 560 | 388 | 313 230 [ 178 | 143 120 | 640 | 444 | 357 255 1193 154 | 127
5120 | 462 | 315 | 254 | 190 |151 125 [ 106 | 536 | 365 | 294 | 217 | 169 137 115 { 608 | 413 | 332 | 239|183 147 122
.:; 22 | 439 298 | 240 180 | 145 | 120 | 102 | 506 342 { 275 205 161 131 111 | 570 | 385 | 309 | 2251173 140 | 117
E 24 1 413 281 226 171 |138 | 115 {98.3| 472 | 320 257 193 | 153 | 125 | 106 | 528 | 358 | 287 211 164 | 134 | 113
9126 | 384 | 264 | 213 162 | 131 (110 |94.51¢ 435 298 241 182 | 145 ] 120 102 | 484 | 332 | 267 | 199 | 156 128 108
§§ 28 | 353 247 201 153 125 106 91.1 1 398 278 | 225 | 171 | 138 |115 | 98.11 441 | 307 249 187 | 148 | 122 | 104
30 {323 231 189 | 145 {119 |10l 87.7 | 362 { 259 | 211 | 162|131 110 94.3 1 401 284 | 232 1 175 ]140 | 116 | 99.5
35 257 194 | 162 | 127 106 |91.0 |79.6{ 285 | 214 | 179 | 140 | 116 198.1|85.2| 312 | 233 194 | 151 |123 104 | 89,7
40 | 204 {162 | 139 | L1l |94.3 | 81.8|72.2| 223 177 152 | 122 {102 {87.9|77.2| 242 | 191 163 130 | 108 | 92,5 80.9
Area: Steel 18.6 in2 Moment of inertia: Steel 429 in4
Concrete 135.3 in2 Concrete 1457 1n4
Table 2.9 Ultimate loads for 14 in diameter x 7/16 in thick column (when Yo = 1.0 for steel and conéretei
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Es tonf
. 2 12000 12500 13000 13500 14000
in
1 ft »
10 321.8 321.9 322.0 322.1 322.2
15 318.1 318.4 318.7 318.8 319.1
20 : 311.4 312.2 312.9 313.4 314.0
30 255.2 261.3 266.7 271.7 276.6
45 127.1 132.3 137.0 14243 147.2
60 72.6 75.5 78.5 8l.4 84.5

(all loads are given in tonf)
(10 in x 10 in x 0.375 in, 0& = 23 tonf/inz, fcu = 0.0, e/d = 0,01,

initially straight)

Table 2.10 Pm 3 Es relationship
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BS 449 load x 1.7

Failure>1oad cal-

1 ft Tonf culated by the (2)/(3)
computer. Tonf
(1 (2) (3) (4)
e = 0.0
6 299 288 1.04
10 293 286 1.02
14 282 284 0.99
18 265 268 0.99
22 240 243 0.99
26 210 212 0.99
30 178 177 1.01
e = 6 in

6 107 128 0.84
10 107 121 0.88
14 105 110 0.95
18 102 100 1.02
22 99 92 1.08
26 94 83 1.13
30 87 76 1.14
(10 in x 10 in x 0.5 in, 0& = 16 tonf/inz, fcu = 0,0, BS 449

initial imperfection)

Comparison between loads calculated according

Table 2.11

to BS 449 and by the computer program
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Design Computed
load failure load Load Factor
Co~ | Thick- Lenath Eccen- (Dead -+ tonf
lumn | ness & tricity live)
P Short-{ Long-
v term term Pms/Pw Pm]_/Pw
in ft in tonf Pns Pml

A7 | 0.375 17.8 0.609 253 2045 1930 8.08 7.63
B6 0.375 28.6 0.609 360 1934 1710 | 5.37 4.75
D5A | 0.375 9.0 0.609 321 2099 2049 6.54 6.38
F4A | 0,375 7.8 0.609 320 2103 2061 6.57 6.44
Hl 0.375 842 0.609 373 2102 2058 | 5.64 5.52
A9 0.375| 13.6 0,609 312 2076 1996 | 6.65 6.40
c7 0.375 234 0.609 282 1994 1821 7.07 6.46
D6A | 0.375 10.1 0.844 764 2046 1995 2.68 2.61
F5A | 0.500 8.9 0.999 957 2243 2200 2434 2.30
H4A } 04375 9.6 0,845 (764 2048 1999 2,68 2.62
J3 0.375 19.6 0,609 305 2031 1896 6.66 6,22
Cc8 0.375 20.4 0.609 335 2023 1881 6.04 | 5.61
K3 | 0.375 19.6 0.609 347 2032 1897 5.86 5:.47
L1 0.375 9.1 0.609 351 2099 2048 | 5.98 5.83
D9 0.375 10.1 0.609 387 2094 2038 | 5.41 5.27
F6A | 0.375 9.1 0.609 332 2099 2048 6.32 6.17
H5A | 0.375 9.7 0.609 332 2095 2043 6.31 6,15
K& 0.375 33.6 0. 609 394 1866 1602 | 4.74 4,06
L3 0,375 15.8 0,609 355 2062 1963 5.81 5,53
D6B | 0.625 7.6 0.997 1102 2470 2432 2.24 2.21
D5B | 0.375 6.8 0.750 633 2079 2044 | 3.28 3.23
D4B | 0.375 8.3 0.6C9 LO4 2102 2056 { 5.20 5.09
D1 0.375 31.2 0.75 536 1858 1623 3047 3.03
F2 0.438 17.0 0.843 849 ©o2111 2004 2.49 2,36
F4B | 0.625 8.1 0.997 1138 2467 2426 2,17 2.13
F5B 1. 500 6.6 1,312 1780 3993 3955 2. 24 2.22
F6B | 0.625 7.0 0.997 1149 2473 2438 2.15 2.12
F8 0.438 17.1 0.843 750 2110 2001 2.81 2.67
H9 0,375 33.0 0.75 533 1832 1583 3.44 2.97
H6B | 0.375 8.8 0,609 404 2099 2053 5,20 5.08
H5B | 0.375 8.3 0.75 645 2072 2031 3.21 3.15
‘H4B | 0,625 10.3 0.997 1102 2456 2399 2.23 2.18
D4C | 0.688 11.9 0.997 1150 2524 2455 2.19 2.13
F5C | 1.750 11.4 1.714 3200 7129 7031 2.23 2,20
H6GC | 0.625 12.0 0.997 1150 2444 2375 2.12 2,06

Diameter -~ 42 in for F5C;.30 in for the others 2

Yield stress - 22 tonf/inS for F5B and F5C;22.5 tonf/in~ for D4C;

23 tonf/in® for the others 2
Cube strength - 7500 1bf/in“ for F5B and F5C; 6000 1bf/in” for the others

(The strain corresponding to the peak stress in concrete is taken as 0.0025
and 0.0050 in the computation of shoxrt- and long-term load respectively)

"Table 2,12 Comparison between the design load and the computed failure
(2.3)

load of the concrete-filled columms at the Almondsbury Interchange




Length (in) Measured (in) Steel properties
Yield 0.1 %6 | 0.5 9% Ulti- Young's stg‘gzgth
spect | g | Overs | Dto- | mhicke | g | S | Pt | Preef 1 mre | mewsius |0
men all meter ness t y s cu
1 d t tonf/in2 tonf/in2 tonf/in2 tonf/in2 tonf/in2 lbf/in2

M11 27 31 6.62 0.179} 37.0 19.2 19.2 19.8 30.6 13400 5530
Mi2 27 31 6.63 0.179 | 37.0 19.2 19.2 19.8 30.6 13400 7950
M13 27 31 6.62 0.179 | 37.0 19.2 19.2 19.8 30.6 13400 4170
Mlg 27 31 6.63 0.178 37.2 19.2 19.2 19.8 30.6 13400 7840
M15 27 31 6.67 0.201 | 33.2 20.0 19.9 20.0 31.9 13400 8915
M16 27 31 6.66 0.222 | 30.0 19.1 19.1 19.2 29.8 13400 8915
M17 27 31 6.65 0.260 25.6 19.3 19.2 19.6 3l.6 13400 8915
M18 27 31 6.63 0.257 | 25.8 19.3 19.2 19.6 31.6 13400 5910
M19 27 31 6.63 0.256 | 25.9 19.3 19.2 19.6 31.6 13400 9270
M20 27 31 6.67 0.292| 22.8 20.2 20.2 20.5 30.9 13400 8265
M21 27 31 6.65 0.357 18.6 20.9 20.9 21.2 32.4 13400 8265
M22 27 31 6.66 0.390 | 17.1 19.7 19.7 19.7 29.6 13400 8265
M23 27 31 6.66 0.389 | 17.1 19.7 19.7 19.7 29.6 13400 5910
M24 27 31 6.67 0.389 | 17.1 19.7 19.7 19.7 29.6 13400 9270

Table 3.1 Dimensions and material properties of stub columns M1l - M24 - Imperial Coilege tcsts(3'3)

0Z1
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Load up to which

Experimental

Nominal squash

. strain readings failure load load = ;
Speci- are available Ao +AC PT PT
sy cm — —_—
men / : PT PL
P P P
T T L
tonf tonf tonf
M11 187 201 131 0,93 1.53
M12 211 224 156 0.9 l.44
M13 157 175 115 0.90 | 1.52
M14 192 212 156 0.91 1.36
M15 261 261 180 1.00 1.45
M16 249 253 182 0.99 1.39
M17 268 280 195 0.95 l.44
M18 200 241 161 0.83 1.50
M19 250 268 196 0.93 1,37
M20 281 294 203 0.95 1.45
M21 314 340 229 0.92 1.48
M22 280 349 231 0.80 | 1.51
M23 266 340 208 0.78 1,63
M24 355 361 241 0.98 1.50

Table 3.2 Failure loads for stub colummns M1l -~ M24




P .. o Fg = P Fe = P
Specimen tzif 5% Gik Biﬂ 6§% Big AS OEL Ei AC OEL §§
tonf tonf
M1l 117.6 0.58 0.98 -0.03 0.81 +0.02 68.4 0.58 49.2 0.42
M12 156.0 0.70 0.95 -0.09 1.02 +0.04 66.2 0.42 89.8 0.58
M13 108.1 0.62 0,98 -0.04 0.88 +0.03 67.9 0.63 40.2 0,37
Ml4g 181.0 0.85 1.01 -+0.01 1.28 -0.01 69.8 0.38 111.2 0.62
M15 189.2 0.72 0.98 -0.03 1.11 +0.01 80.5 0.42 108.7 0.58
M16 175.5 0.69 1.02 +0.05 0.91 -0.02 87.8 0.50 87.7 0.50
M17 192.4 0.69 0.9%0 -0.18 1.08 +0.09 90,7 0.47 101.7 0.53
M18 141,9 0,59 1,00 -0.00 0.69 +0.00 98.9 0.70 “43.0 0.30
M19 176.3 0.66 1.00. -0.00 0.380 +0.00 98.9 0. 56 774 O.4b
M20 191.2 0.65 0.97 -0.06 0.9%90 +0.04 114.1 0.60 77.1 0.40
M2l 215.6 0.63 0.99 -0.02 0.86 +0.,02 145.6 0.68 70.0 0.32
M22 | 224.6 | 0.64 | 1.00 | 40,00 | 0.91 | -0.00 | 151.6 | 0.67 73.0 | 0.33
M23 194.5 0.57 1.00 +0.00 0.75 -0.00 151.5 0.78 43.0 0.22
M24 231.5 0.64 1.01 -+0.01 0.88 -0.01 152.3 0.66 79.2 0034
(Compression + ve)
Table 3.3 Loads and stresses at the first yield of steel -~ stub columms M1l - M24

[AA!



Load near ,

o N failure PT OEL OEH OEL R PS PS Pc Pc
olumn | =x100 ’ —_— —_— —_—
d PT PT ag o] o tonf / tonf /

y y m m P P

. T T

tonf
M1l 2.7 187.1 0.93 0.87 -0.22 2.08 +0.12 60.8 1| 0.32 126.3 0.68
M12 2.7 211.2 0.94 0.71 -0.43 1.84 | +0.17 49.51 0.23 161.7 0.77
M13 2-7 156-8 0.90 - - - - - - - -
M1l4 2.7 192.2 0.91 0.83 -0.28 1.55 +0.11 57.81 0.30 134.4 0.70
ML5 3.0 261.0 1.00 0.70 ~0.44 2.07 +0.18 57.4 1 0.22 203.6 0.78
Ml6 303 249¢4 . O¢99 0-67 —0148 1099 '*0.20 57-5 0023 19].-9 Oa77
M17 3.9 267.8 0.95 0.74 ~0.42 2.06 +0.21 74.4 | 0.28 193.4 0.72
M19 3.9 249.6 0.93 0.82 -0.30 1.73 +0.15 81.3 | 0.32 168.3 0.68
M20 4.4 281.0 .95 0.70 -0.44 2.31 +0.29 82,6 | 0.29 198.4 0.71
M21 5.4 313.7 0.92 0.77 -0.36 2.45 +.31 113.8 1 0.36 199.9 0.64
M22 5.8 280.5 0.80 0.82 -0.29 1.95 +0.26 124.2 | 0.44 156.3 0.56
M23 5.8 265-9 0078 el had - - - - - -
M24 5.8 354.8 0.98 0.54 -0.62 3.03 +0.48 81.3 | 0,23 273.5 0.77
(Compression + ve)
/
Table 3.4 Stresses near faillure at load PT -~ stub columns M11 - M24

A
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Failure load tonf
_ Calculated Py Py (PH)equation 3.24

Speci~ | Test [ ) ‘ ®.) -

men PT Equation .| Equation Hequation 3.24 H'equation 3.3

3.24 3.3

M1l 201 177 196 1.14 0.9%0

M12 224 204 222 1.10 0.92
MI13 175 162 181 1.08 0.9

M14 212 203 221 1.04 0.92

M15 261 235 257 1.11 0.91

M16 253 240 262 1.05 0.92

M17 280 261 287 1.07 0.91

"M18 241 227 253 1.06 0.%0

M19 268 262 287 1.02 0.91

M20 294 281 310 1.05 ' 0.91

M21 340 324 359 1.05 0.90

M22 349 328 364 1.06 0.%0

M23 340 305 341 1.11 0.389

M24 361 338 374 1,07 0.90

Table 3.5 Comparison between calculated and experimental failure loads

~ stub columns M1l - M24
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PH (tonf) from equation 3.23

B A = 3 A= 4 A =5 A =6
Tube 1| Tube 2| Tube 1| Tube 2 | Tube 1| Tube 2 |Tube 1| Tube 2
0.0 123 176 123 176 123 176 123 176
-0.2 132 194 137 204 142 214 147 224
~0.4 139 205 148 223 157 240 166 258
~0.5 141 209 151 230 162 250 172 271
~0.6 143 214 155 237 167 261 179 285
-0.8 145 218 159 247 173 275 187 304
-1.0 147 223 163 255 179 287 195 320
=1.2 148 224 165 259 182 294 200 329
«1.5 150 226 169 264 188 302 207 339
oo | 149 224 177 279 205 335 233 390
Description:
Item Tube 1| Tube 2 B and A are defined in
d in 6.625 6.675 subsection 3.5.2.
t in 0.176 0.375
0§ tonf/in2 16.0 16.0
2
1 . -
fcu 1bf/in 6000 6000

Table 3.6

Influence of § and A on the stub

column failure load PH




. Failure load tonf" PT
Specimen | Diameter | Thickness 0.2 SﬁgezEOOf" stgzz;th Test | Equation 3.24 E;
in in Kips/in’ 1bE/in’ Py Py
la 6.64 0.104 43,2 2600 133 100 1.33
2a 6.64 0.104 4302 4950 122 127 0.96
3a 6.66 0.103 46,0 5300 131 135 0.97
b4a 6.66 0.103 46.0 4870 133 130 1.02
Ja 6.62 0.142 32.1 3860 156 113 1.38
6a 6.62 0.142 32.1 4750 144 123 1.17
6b 6.02 0.142 32.1 4750 147 123 1.20
72 6.04 0.197 37.8 4770 197 165 1.19
7b 6.64 0.197 37.8 4770 198 165 1.20
8a 5.64 ~0.197 37.8 3980 199 156 1.28
8b 6.64 0.197 37.8 3980 199 156 1.28
Table 3.7 » Comparison between cxperimental and calculated failure loads

for 11 stub columns tested by Gardner

(3.12)
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Speci~ Dia- | Thick~ Cube Yield Young's | Axial | Maximum
men meter ness strength stress modulus load moment:
in in lbf/in2 tonf/:i_n-2 tonf/in2 tonf | tonf.in
Al 6.647 0.181 8450 23.7 13650 3.9 240.0
A2 6.660 0.184 7880 38.0 244.0
A3 6.661 0.177 8660 100.0 219.0
AL 6.655 0.176 8570 1006.0 140.0
A5 6.661 0.185 7880 170.0 140.5
Bl 6.661 0.188 6640 23.9 13310 5.0 240.0
B2 6.672 0.179 6400 50,0 234.0
B3 6.667 0.194 6890 100.0 214.0
B4 6.655 0.189 €600 150.0 170.0
BS 6.650 0,191 6070 170.0 0.0
ci 6.615 0. 206 7900 23.1 13070 6.0 248,0
c2 6.616 0.211 7590 50.0 270.0
C3 6.613 0.208 7340 100.0 260.0
C4 6.614 0.208 7840 150.0 215.0
C5 6.620 0,217 7580 200.,0 90.0
Dl 6.675 0.228 0.0 22.9 13420 5.0 202.5
D2 6.676 0.212 0.0 20.0 186.0
D3 6.608 0.218 0.0 40.0 174.0
D4 6.677 0.227 0.0 80.0 79.5
D5 6,674 0.228 0.0 100.0 0.0
El 6,622 0.268 7460 25.8 13490 5.0 312.5
E2 6.611 0.275 7430 50.0 312.5
E3 6.622 0,269 7310 10C.0 298,0
E4 6.621 0. 276 7760 155.0 255,0
E5 6.609 0.279 7240 190.0 165.0
Fl 6.637 0.331 6770 23,9 13530 5.0 390.0
F2 6.621 0,323 7160 50.0 3675
F3 6.624 0.328 6630 100.0 360.0
F4 6.619 0.326 6670 150.0 330.0
F5 6.632 0,331 6820 200.0 280.0
Gl 6.672 0.396 8380 21.0 13610 12.0 374.0
G2 6.672 0.397 7960 60.0 430.0
G3 6.665 0.399 8870 100.0 372.0
G4 6.664 0,398 7960 150.0 372.0
G5 6.671 0.399 8340 - 200.0 240.0

(Specimens B5 and D5 failed under the axial load)

Table 4.1

Experimental data for the moment-load-curvature tests -

Imperial College
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Experimental Calculated
. . M
Speci~ | iiia1 | Maximum Nominal |y irum £ L
men - squash P M
load moment moment L c
p MT load M
PL c
tonf tonf.in tonf tonf.in
Al 3.9 240.0 180.8 211.6 0.02 | 1.13
A2 38,0 244.0 176.2 230.1 0.22 | 1.06
A3 100.0 219.0 182.0 171.4 0.55] 1.28
Al 100.0 140.0 180.4 168.3 0.55| 0.83
A5 170.0 140.5 176.6 - 0.96 -
Bl 5.0 240.0 164.9 216.6 0.03 | 1.11
B2 50.0 234.0 158.8 210.0 0.32 11,11
B3 100.0 214.0 170.5 154.4 0.59 ] 1.39
B4 150.0 170.0 164.7 35.7 0.91 | 4.76
B5 170.0 0.0 159.56 0.0 1.06 -
Cl 6.0 248.0 181.1 227.8 0.03]1.09
c2 50.0 270.0 179.8 238.0 0.28]1.13
C3 100.0 260.0 175.8 163.5 0.57 | 1.59
Ch 150.0 215.0 181.2 71.9 0.83 { 2.99
G5 200.0 90.0 182.2 0.0 1.10 -
D1 5.0 202.5 105.8 214.6 0.05 | 0.94%
D2 20.0 186.0 98.6 190.3 0.20 | 0.98
D3 40,0 174.0 100.2 161.3 0.40 | 1.08
D4 80.0 79.5 105.3 74.6 0.76 | 1.07
D5 100.0 0.0 105.7 17.9 0.95 -
El 5.0 312.5 215.5 308.2 0.02 1| 1.01
E2 50.0 312.0 217.8 . 314.9 0.23 1 0,99
E3 100.0° 298.0 214.4 247.9 0.47 11.20
E4 155.0 255.0 222,2 152.7 0.70 | 1,67
E5 190.0 165.0 217.5 66.5 0.87 | 2.48
F1 5.0 390.0 224.5 340.8 0.02 ] 1.14
F2 50,0 367.5 2244 333.2 0.22 11,10
F3 100.0 360.0 221.3 270.5 0.451 1.33
F4 150.0 330.0 220.6 164.4 0.68 | 2.01
F5 200.0 280.0 224.8 61.6 0.89 | 4.54
Gl 12.0 374.0 245.2 362.6 0.051} 1.03
G2 60.0 430.0 241.5 " 355.8 0.25}11.21
G3- 100.0 372.0 250.6 324.9 0.40 | 1.14
G4 150.0 372.0 2414 212.0 0.62] 1.76
G5 200.0 240.0 245.8 110.7 0.81 | 2.17

(Dimensions and material properties are given in Table 4.1);

(Columns D1 - D5 were tested empty)

Table 5.1 Comparison between experimental and uniaxial

maxinum moments - Imperial College tests
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Experimental Calculated
Thick- |Yield |Gylinder | axial | Mexie [Nominal | Maxi- | P 2
Shape |S8ize ness stress |strength | load mum squash murn PL Mc
moment load moment
. ' ?ogf %E% P P% PL Mc
in in in in tonf tonf.in tonf tonf.in
Square { 5.00 { 0.189 | 31.38 6500 111.6 | 138.4 172.5 114.4 [ 0,65 1,21
67.0 162.9 189.6 0.39]0.86
67.0 192.0 189.6 0.391( 1.01
44,6 200.9 220.7 |0.26 | 0,91
Round | 4.50 | 0,125 | 26.78 4200 44,6 44.6 71.0 40.3 | 0.63 | 1.11
40.2 47.3 46.3 0,57} l.02
33.5 58.5 55.2 | 0.47 | 1,06
22.3 62.9 67.3 | 0.31] 0.9
11.2 64.3 71.9 | 0.16 | 0.89
Square | 4.00 | 0.084 | 21.43 3400 37.5 19.8 49,2 18.7 [0.76 | L.06
37.5 19.9 18.7 0.76 | 1,06
24,3 40,9 37.7 0.49 | 1,08
9.0 46.8 49.7 |0.18 (0.9
9.0 50.9 49.7 | 0.18 | 1,02
Round 6.00 0.061 21.43 3750 57.0 39.3 67.1 20.3 0.85}1 1,94
3750 42.3 70.4 67.1 46.5 0.63 ] 1.51
3750 28.7 68.2 67.1 64.7 |0.43|1.05
3050 13.7 64.0 59.2 64.2 10.23] 1,00
3050 13.6 59.4 59,2 64.2 0.2310.,92
Square | 4,00 0.125 21443 4180 43.9 53.1 66.2 35.4 0.66 | 1,50
30.7 72,3 54.3 0.46 | 1.33
30.3 72.3 54.9 0.46 | 1,32
26.2 84.8 60.6 |0.40 | 1.40
12.9 93.3 69.5 0.20 | 1,34
12.9 86.2 69.5 0.20] 1.24
4.0 |. 73.7 68.6 |0,06|1,07
0.0 | 9.1 66.6 |0.00 |1.37
Round 5.00 0.095 18.75 5100 57.0 34.8 66.4 16.0 0.86 | 2.18
' 53.6 50.0 21.6 |0.81] 2,32
40.2 62.9 41.9 [0.61} L.50
35.3 62.5 48.6 | 0.531 1,29
35.0 56.4 48.9 10.53| 1,15
34.6 62,7 49.4 | 0.52| 1,27
30.7 67.2 53.7 0.46 | 1.25
26.8 69.6 56,7 | 0.40| 1.23
26.2 69.4 57.1 | 0.401} 1.22
17.5 65,0 59.8 0.261( 1.09
- 8.9 62.8 57.9 | 0.13| 1.08
God 58.0 55.0 0.07§ 1.05
Table 5.2 Comparison between experimental and uniaxial maximum

moments - Furlong's tests

(5.1 and 5.2)




K O“y A

I:é‘y

FIG. 2.1 UNIAXIAL STRESS-STRAIN RELATIONSHIP FOR
STEEL.

VAR RN

FIG. 2.2 UNIAXIAL STRESS-STRAIN RELATIONSHIP FOR
CONCRETE.



| Z
/
/
/
/
/
/ P
/
/
/
! vV
y= (’:".‘6 _IIN
Initial Shape —loy
Shape under Load P N W
Y 9,0
i
-l
e
A
|\\
\\
\ P
\
\
\
\
I \
&p| @
Yo

FIG. 2.3 EFLECTED SHAPE.




FIG.2.4

Y v
+— b o~ ! d Strain distributions
N N T L TN
P = ~.
= Y e —
] % [~ ' S — €; ) €,
— T //—// hig bl AN AY S 9
i e s — \q\—i\
O [ - .- . N :4.‘ '. iy J >—
— o B SN S +
——t—— e ot - — ~ — H———
— ! Y \..~ " .';._. - /’ I‘ ‘ ‘ 1—;‘
\ \- - = L by NN ] : > H
| ; . y A— |
y AN RN K v 7/ 7 I i
AN - R '.) // > . ! 1 I&Jt
\T—\‘,/ V4 . i Neutral oxis 2
— e ee—— oy 1
= e
Y Y ! |
> oo
Rectangular seciion Circular section 5 // g, .__./,_,Y;
v
by
L
l
i
v v 4 Neutral axis 1

CROSS-SECTICNAL PARAMETERS AND STRAIN DISTRIEUTION



Failure Load = P

lLogd P

Unstable

., © ,l Yrn

. Total central deflection yq

FIG. 2.5 TYPICAL LOAD-DEFLECTICN CURVE



I ]
S N Sectlon+10In.x 100 <375in.

N Oy =16ton1/in?
N 7 "
\ Eg 13000 tonf/ins.
= ine
N fw—_4500!brl.'n
\ . Em-O’OOEJ
\ P =368tont.
N Initially straight, ——
0-8 ‘\ Initially Imperfect-——-"1

\ el/d shown thus 2]

o} 10 20 30 40
L/d

FIG. 2:6 COMPARISON BETWEEN THE FAILURE LOADS

OF INITIALLY STRAIGHT & IMPERFECT
COLUMNS.



1 H
. i ! I
L= 2it. Section: 10in x10in x 1i4in

%J=90001b11m2
5 P =446 tonfs

\\\\\\\\ » ¢/d =001

Initially siraight column.

A/
i
/

Oy =1610n {/in?; E5=13000tonf /in® |

!

{.

o
&)]
i

A

.0020 | -0030 0040 -0050 -0060 -0070  -0080  -0080 ‘O
0025

m

FIG.2-7 P ¢

i L RELATIONSHIP

m

4
{

¢



1-0 \
l | 1 |
Section: 10inx10inx1/4in;
L=161t. - ;
09N\ Oy=16ton f/ln?"; Es=13000'lonflln’_*__;|

2

\ foy = 9000 Ib/in : ,
\ P = 446 tonft. ‘
0-8 : ﬁ

\ Initially straight coluran.

07 \ e

. \/Gé 2

O‘O !

I |

\ !

~— 0-4 !

|

i

0-3 L
\\ .

——— .

T e/d = 0-50

T v

02

Ot I __ ..

eld= 2.0

0.0 . A:

<0020 0030 <0040 Q0350 Q0G0 - Q070 -0030 -G039 010

-0025
Em

» . —_t - D151 AT NGLHHP
FIG.2-8 fij’n ém eld R[;L/\.“OI.S}' If



1-0 : !
- v Section 10in.x10in % -375im
SN Oy=16tonf /in® 2
\\ Eq=13000tonif/in™;
0.9 N \ f,,=45001b7/in?
S - .3
¢ = -0025 for short ~term-
\\ \ m loading.
AN ¢ =-0050fcrlong-term-
\ - m loading.
ok \ P = f .
08 \\\ \\\ \ L 388 tonf
N >~
\\ \\\ Short{-term —— —
N \ o Long-term ————
0.7 \ \\ '

\\ \ ] \\ e/d shown thus [-40]
\

0 10 20 30 40 50 60

L/d

FIG.2:8 COMPARISON BETWEEN SHORT~TERM
8 LONG-TERM FAILURE LOADS



| I I
Section: 10in x10inx 0 51n

E4=13000tonf/in2s
€,,=0025

300-0 e =5in. ; L =121t
(Initially imperfect column)

2500
c/

200-0 f/’////T;///;;oouﬁ/mz

150 - © L_—]

tonf

100-0

12-0 1.0 16-0 18-0 20-0 22-0 230 24.0

Gy ton i/in?

FIG. 210 Pm—— Oy RELATIONSHIP



500

Pm ton f

Casel Casz il
Seetiom: 10inx 10in 10inx10in.
1 0-25in. O-5in.
2 . 2 R
450 Oy 1Gtonf/in® 23tonf/in]
- Ec  13000%ton#in213000tonf fir
€m -0025 0025
L 121t 12 fi. /
400 e 0:0in 5.0in
(Initially imperfect column)
350 %
Case Xl
300 5
/0/0
250 f L
Cose T
200 A’g/o’f/(
c7
150¢C
100 : :
E 2000 4000 6000 £000 16000 12000
Emply ‘

¢ iblins
cu ln4

FI1G.2-7 P — REL ATIONSHIPR

FA
m~ cu



- - 140 -

_Load tonf

m

2500 . . . 10 .
Sectron: 10in X 10In. -0
0y=23 tonfiin?
E5= 13000 tont /m
\ 50" 0 Ib5/in® (ernpty mbe)
2250 ['=12ft e¢=1-0in. , 0-9
(initially straight column)
2000 0-8
] \- -
1780 07
o /P
1500 06
Sauash load (P )
/ L O_.'J
1250 £ 0.5
\
&E
1000 — 0-4
Manufactured 7
Thicknesszs
750 \\ 0-3
500 \ \ 0.2
250 | —— , _>\ T~ 0-1
Faillure loaa \|\\
{fin? e N —
o] l 0
2 10 - 20 30 40 50 60
d/t
FiG.2-12 p -d/t RELATIONSHIP



- 141 -

- I I I
\\\\ Szction:10inx10in.x375in:
NN 0, =16 tonf /in®
N 4
- N T ~ Es=13000tonf/in® |
N - N | . 4500Wmi/in?
\\ \\\ €.,=0:0025
\ \ 501 fi_::‘368‘i’.0nf |
o-& ~ AN \\~— —~ (Intially straight coluinn)
' \\ \ e/d shown thus
N 1 [0
NIEAN o
0-7 S
\ \\ \‘
~_ \ \
. N \
0-6 \ \‘ \\
N N
A\ \
-5 \'\\ \\ \ \
] Fio
N \\ 1\ | \
N,
N 20|
N \ 20 \ \
0-3 ™ ‘ AN N AN N ]
\\ | “‘O[\ \ \
T S~ \\\
0-2 - \\\- t.“:I\-
0-1 T O e \
"'“‘.2'@:-«\________ :
4] -
7.2 12:0 158 216 264 312 360 420 48-0 60-0
9.6 144 192 240 285 336
Li/ld
FIG.2:13 P~ L/d RELATIONSHIP



- 142

1-0

09 i

o

L/d

Section: 10inx10inx -3751n.

Uy=16tonf/inz

E¢=1300Ctont/in

o T4
fcu 45001bNin
€ =0-0025.

m .

PL= 369 ionf.

(Initially straight column)

shoewn thus:

06

C-5

Eo.ﬁ
D_E
0-3 AN
\\—\\ \\s
35
orz| INL ™ \ \
\\r@x\s
0-0 :
0 2 -4 -6 .8 10 1-5 2-
e/d
FIG.214 Pm——e/d RELATIONSHIP



- 143

2-0 L=1I-O'f‘f Szetion: 10inx10in.x 12in,
U),'—"xG"aonflirLQ
R g ey e S mmmm e PTTTTTT E,=13000tenf/in’
€ L7 90001bf /in?
=10 P=4461tont
€m '3
Initially straight column.
0-0
-0 10 2:-0 30 4-0 5-0
e/d
2-0 T :
L=10-079¢.
.(EG_.. 1-0 QA‘ —~
€m e N ]
0-0
0-0 1-0 2-0 3-0 4-0 50 ¢ -.0025
ejd : L
€ ,=+0050
20 L =20.0 #. o
g 170
Crm
N
-0
00 10 2:0 3-0 4-0 5-0
e/d
2-0 |
L=60-01t,
& 10
€m
SN A S N |
0-0 1-0 2-0 3-0 40 5-0
efd
€ et A
FIG. 2-15 =& — -g- — L RELATIONSHIR

-



FIG., 31 STRESSES AND STRAINS IN A STUB COLUMHN.

L4

Y

FIG. 3-2 GENERALISED YIELD SURFACE.

Q+5Q




200 ‘ I '
:_; Hoop 'Strain //d,}’ M}r’o
o (Tensilz), _o--o
[ oo . . .
~ - ' Longitudinal Strain
T 150 WL—. . (Compressivey
O el
A f’,&’
/
100 ¢
I
|
!
I
50 IL
!
O -
0 5000 10 GO0 15 000 20000 25000

Strain x 10°

FIG.3.3 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
- COLUMN M11 - IMPERIAL COLLEGE TESTS ‘

250 l
1=
© Hoop Strain o -
~ . - ?
< 200 —W(TQHSHQ.);I/—/— "~ ongitudina! Strain
o ’O/JU et
e} ~ (Compressive)
- Tl |
150 —-4{!
¢,‘
|
;
- |
100 'iU
I/
50 M
|
|
F
O .
0] 50C0 100C0 15000 20000 25000
' Strain x 10©

FIG.3-4 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
‘ COLUMN ™12 — IMPERIAL COLLEGE TESTS ‘



- 146

Load (Tonf.)

200
Hoop Strain Le—-° ’_O’/Q,-———C"”
' (Tensite)_| =TT ]
150 p,/—?":_,/'-/{ Longitudinal Strain
- (Compressive)
L
V—,&MM—O/
// .
100 T’!
Y
|
I
|
50 I
|
C
O 5000 10 000 15 0G0 20 000 25 000 30 GO0

Strain X 106

FIG.3.5 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN Mi3 ~IMPERIAL COLLEGE TESTS

250
Hoop Strain
(Tensile) T
2 200 £
5 / /0/ Longitudinal Strain
E PN N (Compressive)
- e,o—gp/o
: aas
- 150
/
l
100
|
|
7
l
50 |
|
|
o i
O 5000 - 10000 15000 20000 25000 30000

Strain x 106

FIG.3.6 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M14 -TIMPERIAL COLLEGE TESTS



300
£ p5p [ OO Stran___ L
A (Tens”e)‘o,;@’;c/@/Longituqul Strain
~ = (Compressive)
P
U .
o ’
-~
200 *éf*g' -
¢
|
¢
l
150 H—
T
?
. ¢
100 "
l
|
50 ,
0]
0 5000 10000 15 000 20000

Strain x 109
FIG.3:7 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M15 — IMPERIAL COLLEGE TESTS

250 ™Hoop Strain e
L e} .

(Tensile) — ¢
= m./cr"“o/ox, Longitudinal Strain
[ : I .
ke 7~ / (Compressive)
/
o 200 2 ‘
8 |/
d
150 ; [
¢
|
!
100 B
l
|
4“.
|
50
0
0] 5000 10 000 15000 20000
Strain x 10°

FI1G.3.8 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M16 — IMPERIAL COLLEGE TESTS



w 148 -

300
< o0 o
e , =
= Hoop Strain ’o//e-’/

- 250 (Tensile) —27 ’
O 2o
S o
;,,//o/ Longitudinal Strain
// (Compressive)
/
200
J
|
|
|
150° ?’
l
9
100 |l
I
I
50 |
i)
]
0
0 5000 10 000 15 000 20 000 25 000

Strain x 106

FIG.3.9 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M17 - IMPERIAL COLLEGE TESTS

£ 200 | —=° o
2 Hoop Strain l/'O// /
~ (Tensile) _, ——-—5
g g
o e < Longitudinal Strain
~ 150 M (Compressive)
|
|
100 -
|
|
¢
l
50 |
o . |
: O 5000 10000 15000 20000 25000

Strain x 10 6

FIG.310 EXPERIMENTAL LOAD -~ STRAIN RELATIONSHIP FOR
- COLUMN M18 -~ IMPERIAL COLLEGE TESTS



Q

300
15
o
E
v
& 250 » 5
~ Hoop Strain 7 /
(Tensile) ,0/0/0, " :
/
Lo~ ongitudinal Strain
200 (Compressive)
150
100
50
0
0 S000 10 000 15 000 20000
Strain x 10°
FIG.3.11 EXPERIMENTAL LOAD-STRAIN RELATIOMNSHIP

FOR COLUMN M19 - IMPERIAL COLLEGE

TESTS



- 1506 -

Load (Tonf.)

300
e ——_ ________'______,.'-——-O
Hoop Strain ,o/’o/’e /—.
L
(Tensile) o ,\/‘3/
|/ o Longitudinal Strain
/0, © (Compressive)
v 'a
. ,o,o-“"' ©
200 |27
. /C/
¢
i/
150 i
|
l
100 3;
l
50 |
. II
O
0 5000 10 G00 - 15 000 200C0 25000 30 CC0

Strain x 10°

FIG.3.12 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M20 - IMPERIAL COLLEGE TESTS



350

300

Load (Tonf.)

250

150

100

50

FIG.313 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR

Fod

o

Hoop Strain o »
(Tensile) el /

Longitudinal Strain
(Compressive)

=

T OO — 1 5 o
e ]

_—

0 5000

10 000

15

C

Co

20000

Strain x 106

COLUMN M21-— IMPERIAL COLLEGE TESTS

25 000



~ 152 -

300 :
< Hoop Strain o
c . .
S (Tensnli)/‘o,,,—cr/ /
~ ,O‘/
T 250 |——L 0o Longitudinal Strain
3 f{ ) (Compressive)
%
200 H
l
?
l
=n
150
<!') g
I
|
[
100 1}
|
|
|
50
O 0
0 5000 10 000 15 000 20000
Strain x 106

FIGC.3.14 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP
FOR COLUNMN M22 ~IMPERIAL COLLEGE TESTS



- 153 -~

300
) |
°
- Hoop Strain ~ 0
o (Tensile) L —— —
S 250 [——— e o
- /-//O/ Agitudinal Strcin_
/j / (Compressive)|
’p/ / .
200 ;fp it
¢
|
)
150
l
l
100 P
|
|
50  {f
0
0 5 000 10 000 15 000 20000 25000 - 30C0O

Strain x 108

FIG.3.15 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP FOR
COLUMN M23 - IMPERIAL COLLEGE TESTS



250
s
e Hoop Strain ,O//o g
i ' (Tensi!e)ﬂ/ﬂ‘l /
9 300 ‘ = >
- | Longitudinal Strain
(Compressive)
250 _I
J
|
200 ,L
?
|
|
150 &~
!
|
l
R
100 i
i
|
i
o
50 l
0
0 5000 10000 15000 20000

Strain x 109

FIG.316 EXPERIMENTAL LOAD-STRAIN RELATIONSHIP
FOR COLUMN M24 — IMPERIAL COLLEGE
TESTS



= 19.7 tonf.fin2

oy
P, = Failure load = 361 tonf.
R = Ao+ A0, = 242 tonf.
R = 0.67
/T
Hencky - von Mise’s yield criterion
» ) A Compression
__O_:sl-_ + OEH — O;L O;SH 1.0 Og)/o,&
% % Cy _—
1.0 /// \\
/7
s
e
Ve
/s
7
/
7/ At 64%, of the
// Fajlure load
/ € = 1520u&
// €, = —435u¢
/ on/e w2 —0-285
~1:0, ol /i_
// 10 Compressicn
// %y o5
{
r /
. { 5
| /h\
\\ et At 98% of the
\ id Failure load
\\ //_’1-0 €. = 25440u€
S ///// € =-20184 1€
—— S €.~ ~0.793
FIG. 3.17 BIAXIAL STRESSES IN THE STEEL —

STUB COLUMMN

Mz24



&

1.2

1-0

0-8

0-6

0-4

0.2 H

@ 20 4.0 &-0 8.0 10:0 12.0 14-0 160 13-0 200
€5L/€y .
FIG. 3.18 LONGITUDINAL STRESS-STRAIN RELATIONSHIP FOR THE BIAXIALLY
STRESSED STEEL — STUE CCOLUMNS M11-M24 |

(€)Y



= e Cmt o — —

10 —'—"T—""" “““““““ iunteseendan el et — o —— ===
, .
0o LI\
AN
0.8 !; \
'i e
! p
0.7 A\
i \
{
0.6 ; : , _
f | . \ % 1.063 (&s/€,) — 0.113
) SL g g
{‘ 05 —;‘ J 1-417 (€5L/€y) - 0-417 —
.t — Oo/o = 0.95(Es/e.) -
. S/ . .
0.3 when L/CJ< 10 ( osymptotic to O’GL/O«J= 0.75 )
0.2 /
0.1 L
4.0 6-0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
a /e,

0 2.0

FIG. 3.
LOADED CIRCULAR STUB CCLUMNS

19 EQUIVALENT STRESS-STRAIN RELATIONSHIP FOR THE STEEL IN CONCENTRICALLY-

I

Y

L



3.0

2:5

- aqu

prd
M24
o, = 0.8f
€, = 0.0025
M22 A‘\_
/ s, ,
12 M15 \//M21
. ) A——-’—“’"Mm
\ e \
M17 / | _‘f?-”7ﬁ/7 X mrt
M 23
__M=23
M 16
N7
— Uniaxia! stress-strain relationship:
(2.5)

2 3 4
< = om(&\ 1865 [EV+ 05 [\ o0o0as (&)
Gan e, c., €.

Em

STRAIN RELATIONSHIP FOR
. 1

JUMNS Mit-M24

11-C

THE TRIAXIALLY



2-0 JI__
. / R o, = 0:8f.,
// | €n= 0-0025
1.5 ,
—— Contained concrete )
/ c ' '
‘ e o, = 2.41( "*/6m) , asymptotic to G’u/o, = 2.18 —
£ / 14 1.105 ( €=L/€m) G
<o ot ' : : + ; } ; o ,
o \\
\\ | —— Uncontained concrete
\ /
, 2 3
< Cufy = 2:.41(Cuf ) — 1865 (Eufg V' + 0-5(€u/g)
N
0.5 N ~ —0.045(&u/e )T
N )
~
\.\
o l
0 1.0 " 2.0 3.0 4.0 5.0 6.0 7-0 8.0 S0 10.0

ECL‘/€m

FIG.3-21 EQUIVALENT STRESS-STRAIN RELATIONSHIP FOR THE CONCRETE iN
CONCENTRICALLY - LOADED CIRCULAR STUB COLUMNS



1.2
[o]
1.0
0.8
— Tsu >
G o .
0.6 "
(o]
[o]
0.4 ' ol
® ©
(3]
[o)
0.2~
o J
2 10 20 30 40
d/s
FIG. 3.22 Toy - d RELATIONSHIPS NEAR FAILURE
fo.” It
10-0
8-0 it
6-0
Up o 2.t
o \ o3 3 d
(@] .
X 4.0 -
bgbh © o //
4 0/
e /
2.0
[o]
o}
0
0 10 2:0 30 40 50 60
—cf,-moo

FI1G.3.23 Cen o = Tt RELATIONSHIPS NEAR FAILURE -
R .ﬁ/o‘y /d



1.0 :
V=03 jaﬂ
BN
0.8 l ==
/v’
| |-
V- —
N pad
| e
06 e
P Ny
R b
M2 {] 3
0-4 \

0.2

- "‘-0./\‘
— D

M 14
M1
0
0 02 04 06 0.8 10
- 6"/6
1. A
° : ANt
7 B
e 2
x‘f*; F
e
o8 MID -
1w e
v e
/ /c/
o6 ,]i/
p il
B VIR
T l \
R
vl )
- 04 CS‘——’v"\
\
A
\'.
: ~
0.2 / <
] v
./ M 16
/
a
0
0O 0.2 0-4 0.6 0.8 1.0
S N .
6C‘L

FIG.3.24 RATIO OF LATERAL TO LONGITUDINAL STRAINS
IN CONCRETE— COLUMNS Mil-M17



olo

1.0
0.8
- 0.6
0-4
0.2
M 18
o M19 |
o) 02 04 06 08 1.0
—_ €cﬂ .
Ve,
1.0
, FiM 24
A
_ F
oA
0-8 M{"
e
=
| =T
/L/,//:/ M21
0-6 “/
.-_P— %
; )
]
0-4 i
fii
M22 éh
;Lr
b
0.2 -4
/!
7
o)
o) 0.2 04 06 0.8 1.0
haned ecn E‘ .

FIG.3.25 RATIO OF LATERAL TO LONGITUDINAL STRAINS
IN CONCRETE - COLUMNS M18-M24



tonf.

Load c¢n concrete tonf.

Load on steel

=

P5
R

P F = 261 tonf.
——————— % : Ps and P are calculated from

experimental strain readings.

Steel stress-

Steel stress-point lies within point lies on |
) von Mise’s ellipse. von Mise's elliasz.-
- V 3% yI
250 T |
kS
SENED .
200 a1l % © 7
//
I
Wl w w 7/
150 — /Q/
W4
/
/
/D
-4
o
100 1=
/0
v o
Vd
,o/ /’\\
50 ,/o/‘ e o
P
P ,
- /
e
,;.//0/
o £

0 50 100 150 200 250 300
' P = Total locad tonf.

FIG.326 R-P AND R-P RELATIONSHIPS
FOR COLUMN M15



R = Load on stee! tonf.

Py B,

experimental

361 tonf.

Fg and F. are calculated from
strain readings.

Steel stress-point lies

Steel stress—~point lies within
von Mise’s ellipse. on von Misz’'s ellipsz.
300
W W (1]
S
h |0 7
250 P s 7
. !
b /!
a4 T I4
w_w > !
ws W Wwlw /
[
8 200
3
[V
[
19
oy
0
150
o
D
@]
o
-J
1 iC0
o
50
0
0 50 100 150 200 250
P = Total load tonf.
FIG. 3.27 i°s~P AND P-P RELATIONSHIPS FOR

c
COLUMN M 24



1.0 _
0.8
5
P clg\ i/;f{
TO———p H v
06 ~Jo— — i
R B /
N P N
M i3 {
0.4 v z!
i
0.2
0
0 50 100 150 - 200 250 300
P tonf.
First yield of steel shown thus : K
1.0
08
: e
M 16 7 s
P N ot
N ~4 o} //
P oI ﬁ
M15 | ke ool 7
0.6 - ! - o o -
o | .
M14 V

0.4

0.2

O .

0 50 100 150 200 250 300
P tonft.

FIG:3.28 RATIO OF LOAD CARRIED BY THE CONCRETE TO
TOTAL LOAD — COLUMNS M11-M16



a0

|50

1.0

0.8

0.6

0-4

0.2

1.0

0.8

0:6

0.4

0.2

TOTAL LOAD —

COLUMNS

M17-M24,

il
L~ / :
M17 7
o o o o o\gé/
!,
M 20 ;- /
/,o——"‘“\\ /l b
rad \ |7
o b-d
o
M18
O 50 100 150 200 250 300 - 350
P tonf.
First yield of steel shown thus : @
/...0
M2:4/
_ M21 .
e T B i
o e e o e e 0 - T e
M 22
O 50 100 150 200 250 300 350
P tonf.
2 RATIO OF LOAD CARRIED BY THE CONCRETE TO



5

— Ocv
Crn 3.0
%—-ﬁ\
O 2.0
Ny
1-ON
Column M11.
€cv
-4.0 -3-0 -2-:0 -1-0 0] +1-0 'e"‘"
. . m
3.0
€m = 0-0025
Cm =0-8fy m\"\\ 29
Compression: +ve \
wol\
Colurmn M12 '
€cv
-3:0 -2:0 -1.0 0] +1.0 —G—;
30
2.0
0": “\
| 10 ]
Column M14
€y
-2.0 -1.0 9] +1.0 'é"""
m
& Mi14

FIG.3.30 VOLUME CHANGES IN COLUMNS M™M11,M12



€, = 0025

(yrn= O‘Sfcu

Compression:

+vVe

o

Column M15

€cv
-4.0 . =30 -2-0 -1-0 0 +1-0 ?r;
3.0
Lo
\e—w
e
ol §
Coluran M16
Cey
=40 -3:0 -2.0 -1-0 0 +0 g
30
O‘N
\—'—"‘""""’—
1-0
Colurnn M17 '
€cy
-4.0 -3-0 -2:0 -1.0 0 +1-0 €m

FI1G.3.31 VOLUME C_HANGES IN COLUMNS M15,M16 & M17



\0\3___6\_

1.0\

Colurmn M18
Eey
-4.0 -3-0 -2:0 -1.0 0] + 10 em
em. = 00025 3.0
Om = 0:8fcu
Compression: +Vvc¢ e 2:0
\O\_\ -
Column Mi9 '
Ccv
-3.0 -2.0 -1:0 0 +10 g
3.0
’ G\O*‘\o 20
\\
10 %
Column M20
€cy
-6:0 -5.0 -4.0 -3.0 -2-0 -1-0 0 0 g
FIG.3.32 VOLUME CHANGES IN COLUMNS M18, M18 & 20



- Ocv
o G 3.0
U'\\g\
0\\0\ 2.0

1-0]\
Column M21
. €cv
-4.0 =30 -2:0 -1-0 0 +1-0 ‘e_“
m
3.0
€m = 00025
O = o"chu - 0/0\0\\0
Compre.sive: +ve : \i
1.0\
Colurnn M22 [
€cy
-2.0 -0 0] +10 ¢
5 4.0
\0\\0\ . . 3.0
1-0\
Column M24
- €cy
-G0 -5-0 -4-0 -30 - =20 -1-0 0 +10 —
: €m

FIG.3.33 VOLUME CHANGES IN COLUMNS M21,M22 & M24



——T =To+ 0780
where Tp= 0-251cy
(fcy taken as 0-85fcy)

141

! .

30
g, O
¢ e, (2L o GCR
fey fey fey

Note: For loads and stresses sce table 34

FiG.3:34 MOHR CIRCLES FOR CONCRETE NEAR FAILURE — COLUMNS M11-M24



- 172 -

Cou= G
= = = O = O
—— ——
8.0 — o 7
- ? /
. /,
1 i 0, = 0=y /
/
7.0 -
o, and @, are calkulated //
frorn strains measured in /
Imperial College tests. ,/
6.0 ’ /.
4
/
/
/
5.0 4
. V/
oy A
b} // o Imperial College stub column tests.
4.0 / |
Hannant's(s"w) failure criterion.
3.0 /O/ » - O == f5j+ 40211 ’ O;L<4fc_y
/ - T = 175 fc_y+ 30 4fc_y<c;t_<8fcj
2.0 ——"O"»fg/ T O:L= fc_y 4 50_::5&
4/ Two points
( f, taken as 0.85f,,.)
1.0
e} | 1 !
@] o5 1-0 15 20 25 30
o)
CR fc_y

FIG.3.35 COMPARISON BETWEEN STRESSES IN CONCRETE CORE
OF STuB COLUMMS NEAR FAILURE AND AVAILADBLE
FAILURE CRITERIA OF CONCRETE UNDER TRIAXIAL
COMPRESSION — IMPERIAL COLLEGE TESTS. ‘



- 173

21_ 3 7

o] :r)]co
0s) ©
FIG. 4.1 EXTERNAL DIMENSIONS OF
SPECIMEN ‘
M # Y p
i
1
. - Gauge 1
Y
N~
Longitudi- ) ; hGaugc 2 -
-nal ¢ . |
hOY
N
- Gauge 3
7
M ’D
68
A, Deflection gauges.
FIG. 4.2 INSTRUMENTATION

SPECIMEN

A MOMENT-CURVATURE

gauges - 1,2, 3,4.
- 5,6,7, 6.

Longitudinal
Hoop gauges

B. Strain gauges.

OF THE MOMENT-CURVATURE






250

N
o
o

Moment (T.in.)
0
o

100

50

- 175 -

Column A1
-
— >olurnn A3

i

[
Column A2

N

39

o
o

{

oo

¥4

=

Co umn A4

Column AS

)\

=

Axial load in Tons

=

// shown thus?

L

0

1000 2000 3000 4000 5000

6000

7000 8000 S000

Curvature % 106 in"l

FIG. 4-4 EXPERIMENTAL- MOMENT-CURVATURE RELATIONSHIP FOR

250

200

150

Moment (T.in.)

100

50

SERIES

A— IMPERIAL COLLEGE TESTS

=)

N
!

Column B1

5-0
.Mg——/ﬂc lumn B2
T 5od ’

o—==100-0I71 “coiumn B3 -

A Column B4
150-(__‘)

g

Note: Column BS failed

under axial load

CAxial load in Tons

shown thus: |50-O|

of [700] |

0

1000 2000 3000 4000 5000 6000 7000 8000 9000
Curvature x 106 in™1

FIG. 45 EXPERIMENTAL MOMENT-CURVATURE RELATIONSHIP FOR
SERIES B — IMPERIAL COLLEGE TESTS




- 176 -

300
= _Lolumn C2 ,
£ — ! o
= _o—+—1500 T [100.0 *7 Colurn C3
~ 250 2 "v"_o"’__o -
st P g T, S Colurmn|{C1 '
g - e O 60
£ /;;3/', ]
G ‘ __——2Column C4
b3 / |
200 s
150-0
150 /
Note: Column C5 sustainzd
Axial load in Tons a moment of 80 T.in.
100 shown thus:
/—/Column C5
50 /V .
O 4 1 N

o] 1000 ZOOO 3000 4000 5000 6000 7000 8000 €000

Curvature x 106 in7l
FIG. 46 EXPERIMENTAL MOMENT-CURVATURE RELATIONSHIP FOR
SERIES C — IMPERIAL COLLEGE TESTS

250
=
oy . N [5.01 Col D1
~ 200 = o {5-0} oColumn
g = G__'“_U“__a\uColumn D2
o
£ /*ﬂw e Column D3
o
s S
150
Axial load in Tons
shown thus
100 — Note Column D5 failed —]
. - under axial
o /3/&-&/{ 80-0 \ lood_of [100:0]
50
// \\\Cflumn D4
0]

1000 2000 3000 4000 5000 6000 7000 8000 9000
’ Curvature x 109 in-1

FIG. 47 EXPERIMENTAL MOMENT-CURVATURE RELATIONSHIP FOR
| SERIES D~ IMPERIAL COLLEGE TESTS



350

— Column E1
c L o2 Column E2
- 300 5.0 e e TR /0,____———‘%————-0'——”0
~ '_ i Column E3
+’ .
C
£
§ __—+Column £4
250 P
200 —=%

Column EBS

150 : ¢
//

100 /

L

// Axial load in Tons
i/ shown thus: [50.0]

50

O ] ] i 1 1
0 000 2000 3000 4000 5000 6000 7000 8000 SO000

Curvaoture x 108 in1

FIG .4-6 EXPERIMENTAL MOMENT-CURVATURE RELATIONSHIP FOR
SERIES E—IMPERIAL COLLEGE TESTS



450

400

Moment (T.in.)

350

300

250

200

150

00

50

po
~!
o]

|Column F1
Colurnn F2 Column F3
L —1{]
/ A/o
M Column F4
/A/M/A A
A /MA
s / Coluran F5
150-0 /
/})—é
Axial locad in Tons
shown thus: :
(9] 1000 2000 3000 4000 5000 6000 7000 8000 9000
, Curvature x 10% in:1

FIG. 4.9 EXPERIMENTAL MOMENT-CURVATURE RELATIONSHIP FOR
SERIES F — IMPERIAL COLLEGE TESTS




- 179 -

400. |

Column G2
60 O!;’ |2O_O|/OC0!umn G1
: " Colurn G3
A

~ 350 2
E
c
o
[
<
£ 300 i Column G4
£
[}
=

250

/Column G5
200
2000
150 /
Axial Load in Tons

100 shown thus |12-6J

50

O 1 L 1 [

0 1000 2000 3000 4000

5000 6000 - 7000 8000

Curvaiure X 106 in.’1

FIG. 410 EXPERIMENTAL MOMENT-CURVATURE
RELATIONSHIP FOR SERIES G — IMPERIAL

COLLEGE TESTS.



- 180 -

Relationship 1 . Uniaxial

1.0
: N
08 r — —_— e ey Asymiptotic 1o
%y = 0.75
L M
S 0.6 . . .
b\ Relationship 2 : Stub column
0-4 | °7c3, = 0-95(€/€y) when 6/63<1-o
02 | o—% = 1-063(€/€y)—0-113 when €/€>1-o
1.417 (€/€y) — 0.417 I’
O 1 I3 1 3 1 1 ] ] i
0 2 4 6 8 10 12 14 16 18 20
€
/e
FIG. 5.1 STRESS-STRAIN RELATIONSHIPS FOR
' THE STEEL
2.0 — ) —*" Asymptotic
0:1 = 0.8 fcu -_ -

o

4.8 b €= 00025 -~

1.6 |

-~ “—Relationship 3 : Stub column

to OXj;nz 2.18

1.4 r

1.2+ /[

/ Relationship 2 : Modified uniaxial
1.0 | e — — — — — —1
0.8 ‘

+—Relationship 1 : Uniaxial
~ 2
0.6 | = 2.41(€fg ) — 1-865(€f,)
+05(Efg Y- 0.045(Ef )’

0.4 | » ‘
0.2
O L ] i3 1 1 1

// o . 241 (%,)
/ % 441.105 (&%,

0 1 2 3 4 5 () 7 8
€/e.,

FIG. 5.2 STRESS~-STRAIN RELATION

THE CONCRETE

9 10

SHIPS FOR



Moment tonf. in.

- 181 -

200 ;\'«},.f:\_—//”——’-—.—_...____{')___gr______’ S S J:}
//’
éf
i
150
Calculated
Experimental ——0-—0-—
100 .
50
0
(o] 1000 2000 3C00 4C00 5000 6C0O0 7Co0

Curvature x 10‘S in1

' FIG.5.3 COMPARISON BETWEEN EXPERIMENTAL AND

Moment ton f in.

CALCULATED MOMENT-CURVATURE
RELATIONSHIP FOR COLUMN D1.(Empty tube)

200 -

Q//P;_";Q;:: R B —

/

;/
150
100 Calculated
Experimzntal ——-0-—0--
50 -
o] :
10C0 2000 3000 40C0 50C0 6000 7000

Cunvature x 1081071

FIG. 5.4 COMPARISON BETWEEN EXPERIMENTAL AND
' CALCUL ATED MOMENT-CURVATURE
RELATIONSHIP FOR COLUMN D2. (Empty tube)



Moment tonf in.

Moment ton f. in.

200

——— _O\‘~O

100

Calculated

Experimental --0——0-—

50

1000

2000

3000

4000

Curvature x ‘iOsin."1

5000

6000

7000

FIG. 5.5 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIP FOR COLUMN D3. (Empty tube.)

200 l ’

150 Calculated

Experirmentgl- -0~ —-0——
100
S N N
i A
/-~ \
50—/ it
] AN
) o
. ’/
0o ,
0 1000 2000 3000 4060 5000 6000 7000
Curvature x 1061n 7T
FIG 5.6 COMPARISON BETWEEN EXPERIMENTAL AND

CALCULATED MOMENT-CURVATURE

RELATIONSHIP FOR COLUMN D4 (Empty tube)



Moment ton fin.

Moment tonf. in.

300
ntom=O 1
200 B F—— = —— -
o7
P = .
-'}5: =002
100 |- i
For legend scefig.5-22
0 l | |
o} 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000C
Curvature x 106’ in~1
FIG.5.7 COMPARISON BETWEEN EXPERIMENTAL
AND CALCULATED MOMENT-CURVATURE RELATIONSHIFS
FOR COLUMN A1, -
300
I P — 1 7
200 —-gf7/’ B
g T
& . -
100 ? £ .02
¢ g
/ For legend sze Fig.5.22
I
o | |

0 1000 2000 3000 4000 5000

G .
Curvaturz x 10710

-1

6000 7000 8000 9000 10000

FIG58 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE RELATIONSHIPS

FOR COLUMN AZ2.



Moment tonf in.

Momen% tonf in.

300

| a0 = —_ _

200

100

For legend see 1ig.5.22

I

) 1000 2000 3000 4000 5COO 6000 7000 8000 90CO 10,00G

Curvature x ‘!OE’in.—“I

FIG.5.2 COMPARISON ‘BET\f\/EEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN Bf.

300 —

P =T o) SRR e St bl $ E——
=
200 ———;/-"""’—\
/ \\ _PP_ =0-32
. \\— L
100
,’)
for lzgend sze fig.5.22
0 I

0 1000 2000 2000 4000 5000 6000 7000 8000 €0CO 10,0CO
Cur\)a_*ture X ‘IOGin.“‘l
FIG.510 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN BZ2.



Moment fbn fin.

tont. in.

Moment

300

L e — o moe i O "‘“D—_— .
200
P
E"—O-O3
100 i i
for lzgend see fig. 5-22
(o] : | |
0 1OQO 2000 3000 4000 5000 6000 7000 8000 €000 10C00
Curvature x 106 in.—1
FIGC. 511 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLLUMN (1.
BOQ
B s St ety e ooy g ISR - 1°
/0/"""{\
200 }/ .
\
100
-g—=0'28 for legend see fig. 5.22
0 | | B

185 -

o

1000 2000 3000

Curvature x 10%in"

4000 5000 €000

1

7000 8000 €000 10000

FIG 5.12 COMPARISON BETWEEN EXPERIMENTAL AND
MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN C2.

CALCULATED



400

G

Moment tonf. in.

For legend see fig.5-22
|
|

=0.02

|

- r'UlTJ .

FIG. 5.13

1000 2000  30Co 4000 5000 6000 7000 8000 S0CO 10200

Curvature x 10%in]"

COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN EL

400

N S

W
(@)
O

200

Moment tonf. in.

For legend sce fig. 5.22

100 { JI
P _
‘E' =0.23
o) | |
0 1000 2000 3000 4000 500(_) 6000 7000 8QUO €000
Curvature 5106'”1
FIG.5.14 COMPARISON BETWEEN EXPERIMENTAL AND

CALCULATED MOMENT-CURVATURE
RELATIONSHIP FOR COLUMN E2

1CCQ0



A9 [P 2 N ERUS S P 5
7 == .
300 ¢
£
W 5
< ]
S8 200 >
*E .
2 For legend see fig.5-22
s |
2 !
Z 100 |
| A
? _ £ =002
>
: | l

0 1000 2000 3000 4000 5000 6000 7000 80CO 9000 10000
Curvature x 10 6in._1

FIG.5.15 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
- RELATIONSHIPS FOR COLUMN F1.

400
et e e e e e e L 0 -
| £
300 V ﬁ’;l \ .
/ B —
£ ¢!
v ¢
c H
8 200—¢
!
A
[]
g For legend see fig.5-22
0
2100 {4
. -f‘f ]
¢ P_ .
I P 0-22
0 | |

0 1000 2000 3000 4000 5000 6000 7000 8&000 G000 10,C07
Curvature x 106in"1

FIG. 516 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN F2.-



Moment tonf. in.

Moment tonf. in.

400 | |

300 ¢

200

For legend sce fig. 5.22

100

=0.05

| |
0 1000 - 2000 3000 4000 5000 6000 7000 €000 9COO 1Q0CC
.

Fulo

Curvature x 106 in.

FIG.5-177 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT - CURVATURE
RELATIONSHIPS FOR COLUMN Gi.

400 ]_ ””””” ]
| P sy RS 1
Ff‘ff—Q\
/ __
300 — |
)
200 -<’r"’
J
y For legend see {ig.5.22
100 |o | ' !
7 ' i |
P _
E —0‘25
0] | I

0 1000 2000 3000 4000 5000 6000 7000 8000 900D 10000
Curvature x 108 in1
FIG.5118 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN G2.



400

300

200

Mement tonf. in.

100

FIG. 5.

400

300

200

"Moment tonf. in.

100

For legznd sze fig.5.22 -
warde o o o o e = = ] .‘O.‘—”-:TJT;—-”T}——“T"‘
;{’L’—'—F‘:’“{' —
) \
/
4 \
\.\M

i | -

/ P

I £ .oa7
/ 5
l’l ' I

0] 1000 2000 3000 4000 5C00 6000 7000 8000 9020 10000

Curvature x ‘106 in.—1

19 COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN E3

I I |

For legend sce fig. 5-22

-0
-0
-

o =0

-
I § o

0 1000 2000 3000 4000 5000 60C0 7000 8000 9C0O0 10000

Curvature x 108 in~ 1

FI1G.5.20 COMPARISON BETWEEN EXPERIMENTAL AND

CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN E4



200 |
c
.__- - .0 P
b O et P _o.87
5 e S ®e°
< _"_J:,——‘
e 100 =% =
c _ o
£ T
.5? 'p’\ v For legend see Fig.5-22
0] ’ I | [
0 1000 2000 3000 4000 5000 6000 7000 8000 €000 10000

curvature » 10° in~1

FIG.521 COMPARISON BETWEEN EXPERIMENTAL AND
' CALCULATED MOMENT-CURVATURE
RELATIONSHIPS FOR COLUMN EB5.

Relation 2

O’m = 08 fcu
€ =0-0025
m

PR, Y -

1-0 \}/-\
075 T I I 2
/ )MB_@_'_G‘UOH i: _g = 241(8f€ ) - 1-865 (€leg)

M+ 0-5(€gy, )3—0-045<€/»zm)

E O‘ W/
// \ (Ref:Eqn. 52)

e

o
(AN
o 3
o"

0 1.0 2:0 30 4:0 5-

€l€fﬂ

ASSUMED STRESS-STRAIN RELATIONSHIPS FOR CONCRETE.

Legend:
Moment - curvature relationship calculated from
concrete stress-strain relation 1 (sh_own cbove)
and a trapezoidal stress. strain rclation for steel.

————————  Same as above, except thut stress-strain relation 2
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~~ge==——~0-—— Experimental moment-curvature relationship

Uniaxial moment-curvature relationship, calculated by

using stress~strain relationship 1 for the steel in
both tension and compression, and stress-strain
relationship 1 for the concrete in compression;

concrete takes no tension.

——————— Triaxial moment~-curvature relationship, calculated by

using the following stress-strain relationships:

¢h For the steel:
(a) In compression =
(i) Relationship 1 when P =Z0.4 PL
(ii) A linear interpolation for stress between
relationships 1 and 2, as P varies between

0.4 PL and Pu

(b) In tension - Relationship 1 for all values of
P

(2) For the concrete:

(a) In compression =

(i) Relationship 2 when P << 0.4 P
(ii) ,A linear interpolation for stress between
relationships 2 and 3, as P varies between

0.4 PL and Pu

(b) In tension -~ concrete takes no tension.
where, PL = AS 0& + Ac Oﬁ
P = 0.75 A 0. + 2.18A C©
u sy c m

Stress-strain relationships are shown in Figurc 5.1 for the steel,

and in Figure 5.2 for the concrete.

FIG. 5.42 LEGEND USED IN FIGURES 525 TO 5.41
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