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ABSTRACT

Concrete-filled tubular columns represent a class of
structures in wﬂich the best properties of steel and concrete
are used to their maximum advantage. Filling the tube with
concrete increaggs the load carrying capacity without in-
creasing the size of the member. Prestressing these concrete-
filled tubular golumns further enhances their loadicarryiﬁg
capacity and greater economies can be achieved.

In this investigation, the behaviour of prestressed
concrete—-£filled tubular column was predicted throughout its
loading range. & uniaxial stress-strain curve was used for
the steel tube and the cbncrete. Effects of the confinement
of a c¢ircular steel tﬁbe on concrete, if any, were neglected.
The change of stress in an unbonded prestressed tendon was
evaluated by numerically integrating the deflection curve.
The deflection of the column was obtained by using a finite-
difference method. A computer program was written to carry
out the entire analysis. The deflection was checked with
Newmark's integration method. The results of prestressed
coﬂcrete-filled tubular columns were compared with similar

<nonprestressed members.

The experimental study was carried out using five
prestressed concrete-£filled tubular columns  and one non-
prestressed. The main variable was the amount of prestress-
ing although in two columns including the nonprestressed

column, the axial load was varied. The columns were tested

1ii



up to the collapse load. The strains and deflections obtained
from the tests are founé to bhe in satisﬁactory agreement with
the thecretically precdicted results. The experimental moment-
curvature relationship shows good agreement with the theore-
"tical results. The comparison betweenrnonprestressed and
prestressed concrete-filled tubular column reveals an increase
in the strength with the amount of prestress up to an optimum°

level of prestressing.
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NOTATION

(

areas of steel and concrete strips,
respectively

éistaﬁce from the centre of the teﬁdon_
to centroid of the section

diameter of the column

diameter of the outer steel tube
Young's modulus of prestressing steel
flexural stiffness of the column
eccentricity of load

net prestressed force

stress corresponding to moment M

averébe-stress in the prestressing tendon

. 1
concrete stress corresponding to

£
c

the 28 day compressive strength of

concrete

0.85 times fc'

»~

distance from the centre of the strip to

cgntroid of the section

length of each segment

number of steel strips

nurnber of concrete strips
neutral axis depth from extreme
compression fiber

length of the column

number of prestressedstendons
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Greek letters:

-

cd
654
3P/3a
8P/3€4
IM/3¢

aM/aa4

bending moment at a section

external moment at the rth point
moment at the mid-height

external applied axial load

internal axial force

equivalent concentrated angle change
radius of gyration of the cross-section
radius of the steel tube

average slopes between node positions

thickness of the steel tube

deflection at ith station

distance along the length of the column
distance of néutral axis from the éentroid'
of the section at mid-height \
deflection of the column

total deflection, (v+e)

distance of the tendon from the neutral
axis

deflection along the column leﬁgth

linear correction to deflection

increment cf curvature ' . <
increment of extreme compressive fibre
rate cof change c¢f locad with curvature
rate of change of load with €4

rate of change of moment with curvature

rate of change of moment with €4

xiv



€ ‘ = strain of concrete at a particular section
€ = maximum concrete strain under which
maximum stress occurs
€ = total strain change along the length
of the column
A * = extreme compressive fibre strain corres-

ponding to ¢

Yoone = Poisson's ratio of concrete

Heteel = Poisson's ratio of steel

Py = curvature at mid-height

csi’oci = stresses of steel and concrete strips
respectively

9 rans = transverse stress

O adial = radial stress

%onc = augmented strength of concrete

I¢c1 = longitudinal stress in steel

Tep = hoop stress in steel

Uy ’ = radial stress in steel

® = curvature at any section

e
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Chapter 1

INTRODUCTION

1.1 General

A circular hollow cross-section possesses many in-
herent advantages which make it attractive as a struc;ural
section. These include an aesthetzzilly pleasing shape, the
radii of ¢gyration about orthogonal es which are equal,
thereby ensﬁring excellent compressicn strength for long
slenaer columns, bracing and truss chords, a high torsional
strength, etc. These have proven to be economical to be usea
in large aircraft hangars, auditoriums, heavy indﬁstrial
buildinés, offshore drilling rigs, etc. The main advantages
of concrete-filled steel tubular sections are much higher
strength tharn hollow section at little extra cost, high
capacity columns with a minimum of space, increase in the
speed of construction, etc. In many compression members,
there is bending either due to load eccentricity, or due to
transverse loads and each tends to produce tension in the
concrete or to make the éolumn unstable. Prestressing in the
foregoing becomes a practical solution. It might aléo be
justifiable on the basis ©f economy, construction advantages,
transportation and erection stresses. Precast uniformly

-

préétressed-columns offer distinct advantages for multi-storey
construction, the most important of which is saving in cost
with these concrete-filled tubular columns.

The external axial~load carrying capacity of a column



is clearly reduced by a uniform prestress, but for members
also subject to large moment, the moment capacity may be

increased by the application of uniform or eccentric pre-

campression.

1.2 Objective

The érimary objective of this investigation is to
determine the behaviour of prestressed concrete-filled
tubular columns throughoﬁt its loading range up to collapse.
Prestressing of-columns is beneficial'particularly in the
‘region where bending moments are large. One of the onec—
tives of this study was to determine this region. Since
this region varies with the amount of prestressing, this was
chosen as main variable. Bgyond a particular value of pre-
stress, increase in prestress results in a reduction of
load-carrying capacity. It was also the objective of this
study to find out this optimum level of prestressing for a
particular cfoss-section. Another objective of the study,
although minor, was to determine the effect of axial load.
As the axial load increases,‘the section is less cracked and
thus confinement of concrete can occur by the steel tube,
" which, when combined with prestressing, may be advantageous.
To establish an.accurate analysis for prestressed concrete-
filled tubular columns was another main objective of this
study. The analysis for an unbonded post-tensicned system
includes the determination of the change of stress in the
tendon, which in turn depends on the cracked stiffness of

the cross-section.



L s .

Finally, to check the validity of the above analytical
procedures, several prestressed concrete—-filled tubular
columns were tested under similar conditions to what have

been assumed in the analysis.



CHAPTER 2

LITERATURE SURVEY

2.1 General
Research work on préstressed concrete-£filled tubular
%_\
columns is non-existent. However, research data is available

for concrete~fiiled tubular columns and prestressed concrete

columns separately. ~The literature survev herein will give

o’ -

scme insight into these topics.

]

2.2 Concrete-Filled Tubular Columns

In 1957, Kloppel and Goder (l) presented a table of
allowable working stresses to predict thé working loads of
pipe columns for the two cases of mild steel and high strength
steel vipe. An important conclusion by Kloppel was that the
modulus of elasticity of tube with contained concrete can be
determined with sufficient accuracv from the uniaxial stress
condition. Xloppel also examined the dffects of creep of
concrete on the behaviour of pipe columns and found that
"permanent loading caused at least no vital reduction in the
carrying capacity.”

. Iﬁ 1967, Gardner and Jacobson (2), tested concrete-
filled steel tubes as axially loaded compression members.
Both stub and long columns were tested and the experimental
results were compared with theoretical results. Long column
buckling loads were estimated‘by the tangent modulus method

and for the stub columns confinement effects were considered

with maximum shear stress theory. It was proved that a



oo
lateral restraint  factor of 4.1 can be used for stub columns
as sugéested for spiral columns by Richart et al in"1928 (3).

In 1967, Furlong (4) reported on te;ts performed cn
round and square concrete-filled tubular columns subijected
to different amounts of axial load and bending moments. The
lower limit value for pure bending moment capacity was taken
simply as the plastic moment capacity of the steel tube. An
elliptical interaction eguation was suggesteé as a lower
bound estimate. In another paper, in 1968 (5), it was stated
that there was no effect of bond between steel pipe and con-
crete. An equation for critical load of a2 'long c¢olumn was
given. The tests conducted were of cold rolled and.welded
‘steel tuﬁing which contain extensive residual stresses.

In 1968, Gardner (6) reported on an experimental
invegtigatipn of spirally welded steel tubes filled with
concrete and concluded that they behave in 2 similar manner
as seamless pipe columns.

In 1969, Neogi et al (7) reported on an extensive
theoretical and experimental investigation of concrete-
filled tubular columns under concentric and eccentric load-
ing. The elasto-plastic behaviour was studied numerically.
The eccentrically loaded column was analysed, both by
determining the exact deflected shape by finite difference
‘method and by the cosine wave method. Good agreement was
reported between the experimental and theoretical behaviour
of the columns for L/D ratios greater than 15, (in which

L = length of the column; D = Diameter of the column). It was



lalso stated that for L/D ratios less than 15, triaxial effects
give some gain in the strength for smaller ecc%Ptriciﬁies.

In 1969; Knowles and Park (8) predicted the buckling
lcads for long'columns accurately by summing the tangent
modulus ioads for the steel tube and the concrete core acting
as independent columns.--A straight line interaction formula .
was fitted, approximately, which is unsafe for slender columns
ané conservative for short columns. In 1970 (9), the same
authors presented a method for calculating the limits of
slenderness ratio which determines whether an increase 1in
concrete -strength dﬁé“to triaxial confinemen£ is likely. An
equation was derived to determine the ultimate lqed of axial-
ly loaded concrete-filled column.

In 1970, Gardn=ar (l0) presented a design method for
-concrete—filled tubular column by using non-dimensional
ultimate axial load-moment-length interaction curves. It was
also suggested that the ultimate axial short column load,
taken from the interaction curves should be multiplied by the
square root of the ratio between the short column lcad and
the long column load at the same eccentricity.

in 1973, Chen and Rentschler (1ll) developed a sim-
plified method for calculating the ultimate strength of
concrete-filled tubular columns without using computer
facilities and can be divided into two distinct computations.
The first one deals with cross-section properties and the
second one is concerned with particular beam—cofumn loading

condition, end condition and the length. It has also been



showﬁ that the moment-magnification factor given by ACI is
a very acceptable and safe method of obtaining the maximum
beam-column moment given the end moment. In 1973, Chen, in
another paper (l2) presented a theoretical investigation of
the elastic-plastic behaviour of pin-ended, concrete-filled
steel tubular columns loaded either symmetrically or unsym-—
metrically about either of the axes ;y’ﬁ_bolumﬁ—curvature
method. Three types of concrete stress—-strain relationship;
involving uniaxial and triaxial states of stress have been
used to obtain interaction curves relating the axial force,
end moment and the slenderness ratlo.

In 1973, ?omii, Matsui, Sakino (13) repofted én the

vehaviour of concr ~filled tubular cclumns subjected to

combined stresses of axial load: bending moment and shear
force. Studies of panel zones of connections and types of
connections were discussed.

In 1973, Yamada (l4) concluded that this structural
member has an extraordinary large ductility and suggested
that this is the most effective seismic structural member.

In 1976, Bridge (15) pfesented a theoretical and
experimental investigation of the behaviour of pin-ended
concrete-filled square steel tubes eccentrically loaded to
bend about any required axis. The principal variables exam-
ined were eccentricity of locading, slenderness and inclina-
tion of the loading axis. The analysis is shown to accurately

predict the observed results.

In 1977, Ghosh (16) reported two tests on long



- . . \\\
concrete-filled tubular columns of slenderness ratio as high
as 129 and confirmed that although the Canédian Standard does
not allow for the contribution of concrete to6 be considered
in the design of concrete-filled tubular columns, concrete
does increase the load and moment—carryiﬁg capacity.
In 1977, Tomii, Yoshimura and Moroshita (17) reported
on 270 stub column tests under concentric axial locad, to

.~

investigate the increase in strength and ductility due to
confinement. They have also investigated the effects of shape
and size of steel tube an@ rechanical propertfgi\of concrete.

In 1977, Huart (18) summarized the design procedures
for the design of concrete—-filled HSS columns. He gave guide-
lines for concrete filling and joints to transfer moments.

In 1978, Ramamurty andé Srinivasan (19) reported tests
on typical connections and suggested that the "beam-to-column”
type of connection will not lead to proper exploitation of
infilled tubular columns, barticularly in the case of sguare
© and rectangular sections; It is stated that "flat slab?to-.
column" type of connection could be a preferable:arrangement.
It is also stated that service load and ultimate load behav-
iour are governed by different parameters and the former 1is
not a mere scaled down versioffof the latter.

In 1980, Virdi and Dowling (20) reported tests on
several concketes§illed tubular columns for establishing the
strength of bona between the concrete core and the steel tube.
Several parameters were investigated including concrete com-

pressive strength, length-to-diameter ratio for the interface,



tube diameter—to-thickness ratio, etc.. The tests show the
importance of imperfections in the manufacture of the tubes
in.contributiﬁg to the-qverall bond strength. A character-
istic bond strength that may be used in design is recommended
_§2§(;ﬁehpasis of these tests and the wvalue has, in fact, been
adopted by the joint ECCS-CEB-FIP-IABSE committee drafting

the Eurcpean code for composite construction.
4

In 1981, Brady, éran and Keen (21) reccmmended guide-
lines for concrete-filled columns in which the length of KSS
section to be filled should not exceed the smaller of 30
times the diameter or side of the member or 12 meters. They
also stated that most of the connections used with concrete-
filled HSS are very similar to those for standard HSS connec-
tions.

In 1981, Stelco Inc., (22) released a design manual féx
concrete-filled HSS columns which is a Canadian edition of
CIDECT.Monograph #5, in which concrete subjectéd to triaxiél
state of étress and steel %o a biaxial state of stress have
been used in arriving at the ultimate load of a concrete-

- filled Hss_sgub column. Design charts and design examples

were presented f£or various sections.

2.3 Prestreséed Concrete Columns

——t

In lSSB,_B;eckenridge (23) reported on a theoretical

and exﬁerimental Investigation of concentrically loaded pre-
stressed columns. It was concluded that prestressing a slen-
der column does not decrease the concentric load that will
cause the column to buckle and the column will fail in

-5
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N,

compression if the prestressing stresses exceed the difference
between the buckling stress and ultimate strength of the con-

crete.

Breckenridge's findings were disputed in 1956, when
Ozell and Jernigaﬁ'(24) published results of tests on 41 pre-
tensioned columns. They found that prestress had a marked
effect on the ultimate strength of axially locaded slender
columns. .

In 1957, 2ia (25) attempted to explain the action of
slender hinged-ended cclumns with axial prestress by applying
the ultimate strength theory of reinforced concrete. He
assumed, however, that the failure would be essentially a
flexure failure and that it would be governed by a critical
strain of the same magnitude as that found for failure in pure
flexure. 1In fact, long concrete columaé present a true in-
stapility phenomenon and can sustain loads in excess of those
suggested by Zia. .

In 1857, Lin and Itaya (26) presented an analysis of a
prestressed concrete column subjected to axial load and bend-
ing.

In 1965, Brown (27) reported the results of‘53 pre-—
stressed concrete columns, experimental and theoretical. A
general theoretical inelastic analysis is developed to
determine the ultimate load carrying éapacity of pin-ended
prestressed concrete columns under short-term loading, which

includes the effects of slenderness, magnitude and position

of prestressing tendons, and eccentricity of loading. A

(
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close agreement was obtained between theory and experiments. '

In 1963, Hall (28) reported that prestressing prodﬁces
a marked increase in load carrying capacity for eccenttricities
greater'than 0.1D, where D 1is overall thickness of the
column (in the direction of eccentricity). With' fairly large
eccentricities bending predominates and.the maximum load is
to a large extent independent of the amount of prestress. For
large eccentricities, the failure is a bending failure and
depends on the yield strength of tﬁe prestressing steel. The
failure is usually called a material f£failure. No beneficial
effect can be gained by a prestress less than 0.2fé where fé
is'the compressive strength of concrete. TFor an eccentricity
of 0.25D the load carrying capacity was increased‘gy 60% by
prestressing.

In 1965, Itaya (29) summarized the knowledge to that
date and presented a rationai analysis and outlined an
approach to the design of prestressed concrete columns.

In 1968, Aroni (30) reported the results ¢f a theore-
tical investigation of the ;Eiength of slender, axially
prestressed, eccentrically loaded columns. The effects of
-prestress, eccentricity, slenderness, concrete compressive
strength, concrete tensile strength, initial curvature and
the area of steel were presented ané discussed. For small
eccentricity, a maximum critical load was reached at a low
prestress ratio. For medium eccentricity, a maximum critical
load was observed in the region of medium prestress. For

the largest eccentricity, the effect of prestress on critical

t
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load was very small. It was also concluded tﬁat for a parti- ;
cular value of prestress, the maximum critical load decreaseé
sharply with increase in eccentricity.

In 1966, Zia and Moreadith (31) reported on some tests
for columns with different prestressing levels. It was
concluded that Zor columns wiéh zero eccentricity heavy
prestressing is detrimental to the load carrying capacity of
the column, especially for short columns. Prestressed
columns of low strength concrete and subjected to eccentric
loads (e = 0.5D) showed considerable advantage when coméared
with conventional reinforced concrete columns ranging from
short columns (L/D = 10) to slender columns (L/D = 70); The
effect was most pronounced in the short columns.

In 1967, Zi1a and Guillermo (32) presented interaction .
curves for prestressed concrete columns for full prestressing
and partial prestressing. Full prestressing reduces the
ultimate strength of the column as compared to 50% partial
prestressing and reduction in locad carrying capacity is
nearly constant regardleés of applied bending moment. For
columns subjected to large axial loads, a reduction of 50%
prestressing produces a significant increase in the bending
moment capacity of the column, where as for columns subjected
to.a small axial load, a reduction of 50% prestressing would
cause a slight reduction in the bending capacity of the
column ,

fn 1970, Anderson and Moustafa (33) published a com-

puter program which was used to construct interaction diagram



for prestressed concrete piles.

Iin 1972, Mikhailov (34) reported on a method of
predicting the ultimate capacity of long slender prestressed
concrete columns subject to an axial load with a small eccen-
tricity.‘ This method allows the selection of the most
economical or most suitable shape from a variety of diffefent
shapés and prestress configurations. It shows that heavy
prestressing is the best precaution against growing curvature
and thereby against buckling.

In 1972, Nathan (35) considered the effects of
slénderness on the load carrying capacity of prestressed
concrete sections with irregular Shapes, such as might be
used in load-bearing walls, using a mathematical model embo-
dying a minimum of simplification. The moment-rotation curves
for the section were developed at various load levels. The
column deflection curve was then deduced and magnification
and instability effects were computed. -

In 1972, Rawi (36) tested 17 circular prestressed
concrete columns w;th L)r = B0, where L = length of the
column ané r = radius of gyration of the cross-seqtion,
under pure torsion, concentric lcad, bending moment and all
combinations of such, and predicted the cracking loaé of an
eccentrically loaded column closely by the usual elastic
theory. The ultimate load was also predicted by taking into
consideration, the effect of cracking of concrete on column
def;ections. The non-dimensional interaction curve of a

prestressed concrete column under bending moment and an axial

"1
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load resembles the interaction curve for the conventionally
reinforced column, except that the prestressed diagram lacks
a definite yield point which accounts for the absence of a
definite balance éoint.

All the above-mentioned references consider bonded
prestressed construction except Breckenridge, who tested

unbonded post-tensioned axially loaded columns.



CHAPTER 3

THEORETICAL FORMULATION

3.1 General Behaviour

The aim of the analytical study was to develop compu-
tational procedures which would enable the load-deformation
behaviour of prestressed concrete-filled steel tubeﬁ to be
studied over the entire range of loading.

When a concrete—fiiled tubular column'is subjected to
an axial compressive load, all elements of the crossfsection
should undergo the same longitudinal strain. If the average
strain on a section is known, the stress in the concrete and
the steel could be established frod\the stress-strain
characteristics. The longitudinal.stress—strain character-
istics of steel and concrete might be affected if any
transverse confining pressure was exerted on the concrete by
a steel encasement. The modulus of elasticity or stiffness
of commercial grades of steel remains virtually constant
until strains of 0.001 to 0.0012 are reached, but %the stiff-
ness of plain concrete (even concrete with some lateral‘
confining pressure) tends to decrease for strains in excess
of 0.001 for high strength concretes and 0.0005 for low
strength concretes. The stiffness of unconfined concrete
tends toward zero at strains near 0.0018 to 0.0020. Since
the stiffness of steel does not tend to decrease as much as
the stiffness of concrete when strains increase, the propor-
tion of total load carried by steel increases as the strains

increase (4).

15
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In the absence of any transverse pressure exertéd by
steel on encased concrete, a lower limit to the capacity of
steel~encased composite columns could be established as the
force necessary to vield the steel plus the force on the
concrete at the strain reguired to yield the steel. Any
-transverse confinement of steel on concrete would fend to
increase the effective stress developed in the concrete
pefore the steel yields longitudinally. Unless the longitu-
dinal yield stress of steel exceeds 50 ksi (at a correspond-
ing strain near 90.002), steel shoﬁld vield Eongitudinally
before the encased concrete begins to "soften" enough to
reach a stress as high as fk. For steel with a vield strength
higher than 60 ksi, encased concrete might be expected to
becgin to crush before the steel yield strength is developed.

Any transverse confinement éf concrete provided by
steel encasement should be more feffective in round cross-
sections than in sections with f£lat sides. The unit cost
of steel tubing is considerabl? higher than the cost of
concrete, and the material efficiéncy of composite columns
tends to:increase as the percentage of steel in a cross-
section decreases. Lower limits to amount of steel in a
cross-section are established by the possibility of local
buckling of thin steel walls. For round tubes, concrete
core forces the local buckling of steel into a post-yield
mode of transverse outward ripples (4). By forcing the
steel to buckle outward, the concrete stabilizes steel in
the elastic range, thereby insuring the development ¢f the
longitudinal yield strength of round steel tubes. The

plastic moment of the steel section alone is a lower limit
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to the pure bending capacity of éteel encased beam-columns.
If a very thin-walled tube is used with high strength con-

crete, the ultimate moment could be appreciably higher than
the plastic moment of the steel alone.

At strains less than 0.001, Poisson's ratio of plain
ccncrete is prokably one-half to two—ﬁgirds that of steel,
and the consecuent differences in the rate of lateral expan-
sion tends to separate the steel encasement from the concrete
core. Apparently, at strains above 0.00l, after micro-
cracking of concrete begins, the/effective Poisson's ratio of
the concrete approaches that of $teel. After the unconfined
cylinder strength is attained, the concrete would tend to
spall and disintegrate in the absénce of a confining steel
jacket. 1If the jacket buckles before strains large eﬁough
to develop fé are attained, the full strength of concrete
cannct be utilized to maiimum load.

Structural members under compression forces can fail
in combination of three basic modes; crushing, general
buckling, or local buckling. Short columns are columns which
fail by crushing rather than general buckling.

For low strains the value of Poisson's ratio of con-
crete is in the range of 0.15 to 0.25, but for large strains,
the value can rise to approximately 0.60. As concrete is
not a linear material (or even elaséic) its Poisson's ratio
need not be less than.O.S. Even larger values of Poisson's
ratio can be measured for triaxially loaded concrete (7).

In the initial stages of loading of concrete-filled
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tubes, Poisson's ratio for the concrete is lower than that
for steel, and thus the steel does ﬁot restrain the concreﬁe
core. The initial circumferential steel hoop stresses are
compressive and the lateral stresses are tensile (Fig. 1l).
The concrete will be under a lateral tension at this stage,
provided the bond between the steel and concrete does not
break down. As the load is increased the lateral deforma-
tions of the concrete catch up to those of the steel. For

a further increase in load the tube restrains the‘concrete
and hoop stress in the steel beccmes tensile. At this

stage, the steel tubing is subjected to an internal pres-

sure (Fig. 2). Therefore,
Ts
%rans. ~ “radial (7?) (3.1.1)

where, ¢ = transverse stress;

“trans.

Uradial = radlal stress;

rs = radius of the steel tube;

t = thickness of steel tube.

As the steel tube restrains the concr¥e at failure,
then the longitudinal compressive strength of the concrete

‘will be augmented and has been found to be (2):

cconc. fc +k (cradial

) (3.1.2)

The increase in failure load due to triaxial confine-
ment of concrete depends, among other factors, on the magni-

tude of the strain at failure load and consequently varies
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inversely with length and eccentricity. Short columns with
relatively large eccentricity and ‘all slender columns, fail
before the strain at the concave side is sufficiently large
for the increase in failure load to be appreciable. More-
" over, the triaxial augmentation of strength of concrete on
the convex side is either reduced or absent. It transpires
therefore that for many practical columns it is unnecessary
to take triaxial effects into account (7). To include tri-
axial effects is difficult because under eccentric loading,
both the longitudinal and the hoop stress vary acréss the
section. At present, there is no theory available for the
inelastic deformation of concrete under three unegual prin-
zipal stresses.

The behaviocur of an axially loaded steel tube filled
with concrete will vary according to the method in which
the ends of the member are loaded. Essentially there are
three different-methods of applving the loading:

l) Load the steel but not the concrete - This may

not increase the axial load capacity of the column above
that of the steel tube alone, because the load on the tube
causes it to inc;ease in diameter (due to Poisson's effect)
and to separate from the concrete #hen the adhesive bond
between concrete and steel is exceeded. Thus the column
fails at the maximum loaé which the steel tube alone can
carry, but the concrete core may tend to delay the local
buckling of steel and thus intféase the bending resistance.

The previous investigator's tests show that loading the
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steel alone did not increase the failure load above that of

a hcllow tube;

2) Load the concrete but not the steel - This is the

Lohr {37) column principle, with the steel acting as an
encasement. Ideally this is the best method as the steel
does not resist axial load but only provides a confining
stress to the concrete as in a spirally reinforced concrete

,,paiumn. Steel used this way is approximately twice as effec-
tive as longﬁtudiﬁal steel at ultimate load. However, any
bond between the steel and the concrete will cause some
longitudinal strain (and hence axial load) in the steel. If
the steel is axially stressed in compres;ion as well as
circumferentially stressed in tension, it will be in a state
of biaxial state of stress which, as theoxries of failpre
show, will reduce the vield stress in the circumferential
direction. This will lower the confining pressure on the
concrete and thus reduce the maximum load even though there
is some contribution fromq%he longitudinal streés in the
steel. Some bond is probable, expecially when the steel is
exerting a high lateral pressure on the concrete, and there-
fore ideal behaviour seems unlikely. In fact, the previous
investigations proved that loading the concrete alone did
not increase the failure load to above that obtained from
loading both the concrete and steel together;

3} Load the steel and the concrete so that the

longitudinal strain is the same in both materials - This is

the "probable method which would be used in construction. To

-



be able to predict accurately the performénce of such columns
underload, the behaviour of concrete when subjected to com=-

pressive longitudinal stress and lateral pressure must be

known.

I7 there is a breakage of boné, there is a:possibility
of overloading the concrete before any lateral p?essure is
exerted on the steel tube. When such a thing happens there
is a possibility of the concrete column failing_by buckling.
However if, before the concrete core fails by column buckl-
ing, the longitudinal concrete strain exceeds the strajn at
which volume increase begins, the failure will be delayed.

COmparea with hollow steel tubes, concrete-£filled
steel tubes will have a higher fire resistance and they need
less fire-proof material around the steel tube, because con-
crete has a larger thermal capacity than the air which is
enclosed in the hollow steel tube. Eyen if the sustained
loads carried by steel~tubes are decreased by the heat, the
columns will not be crushed during the fire if the columns
are désigned So as to sustain the dead and live loads only
by their concrete cores. So the structure will not suffer
great damage.

The concrete core and steel shell do not act together
until the load is considerably greigsf than half the ultimate
lead. Thus service load behaviour of these columns have to
take into account the. independent action of these two constli-

tuent materials. Thus service load behavicur is not just a

scaled down version of ultimate load behaviour. Capacity
*
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interaction formula derived from.methods applicable to rein-
forced concrete give a reasonable first approximation under
eccentric loading. — )

 The bond streng;h between steel tube and concrete is
not affected to any measurable extent byrfactors such as
contact length, tube size, tube thickness, and concrete
strength. There is sufficient evidence (20) to indicate
that the most important factor is the mechanical keying of
the concrete core with the irregularities in the steel tube.
Ehis mechanical keying could, however, arise due to twé
different types of irregularities. The first type occurs
due to ®™he roughness cof the steel surﬁace. Before the con-
crete coré\as a whole can begin to move, it is this inter-
locking tNat must first be broken. For this reason, this
type of interlocking may be thought to contribute maljnly to
ultimate bond strength. The rupture of this primary inter-
locking may then be related to the local crushing of
concrete near the interface. This lends substancé to the
adoption of 0.0035 strain as the critical value for the. .
definition of ultimate bond strength. The second type of
bond resistance occurs due to manufacturing tolerances
associated with the internalkgiameter of the tube. This
type of intérlocking contributes in essence to the fricticnal
resistance associated with the latter. A value of 150 to 160
psi may be used for ultimate bond strength (29)__5\

For normal prestresggd concrete columng cf central

prestress which are subjected to eccentric loading before
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the load eccentricity egquals half the section depth, the
loss in ultimate axial lecad carrying capacity was offset by
the additidnal flexural resistance developed in the concrete.
For a loading eccentricity of greater than 3/7 of the column
depth, the benefits from uniform prestressing were obtained’
without loss of its axial load carrying capacity (27].

Prestressing transforms a cracked section into an
uncracked. onea, thus increasing its strength and stiffness.
If tAe tube is in hoop tension, longitudinal préstressing
may indirectly help the whole structure to be in a triaxial
prestressed condition. The previous investigations show
that triaxial prestressing will help to increase the load-
car£ying capacity of the member.

‘A prestressed concrete—filled tubular membgr may fail

in a different mode of failure than a nonpreséressed member

because prestressing increases the strength of the column.

3.2 Theory

The calculation of the ultimate load carrying capacity
of a column depends entirely upon an accurate knowledge of
the stress-strain behaviour of the materials throughout the
period of loading.

Assumptions made_in_the_analysis:

—— Al Pt - e e e sy B

(1) ,Aplanecross-section remains plane after bending;
(2) Hognestadfs“parabola was used for concrete until it
reached the peak and then constant £ ' was assumed

beyond € (Eo was taken as 0.0025); (Fig. 3);

Q

(3) Complete interaction takes place between steel tube and

i
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concrete core, fqe., there is no longiﬁudinal.or
circumferential slip: .

- (4) Failure due to local buckling or shearing does not
occur;

(Sf Concrete takes no tension.

The exact stress-strain valugs cbtained from tensile
coupons for steel tube and the prestressing steel were used
in the analysis. (Figs. 4 and.S)

The first assumption is usual in normal analysis.
The second assumption is justified on the grounds that the
concrete is laterally confined. This has been used by
Stelco Inc., (22) for its design tables. The value of EO
has been taken as 0.0025 after Barnard's (38) tests. The

parabolic équation of Hognestad (39) is given as:

ZEC Ec 2
£, = £0 |— - (| . e, 0.0025 (3.2.1)
o] o]
in which fé = ultimate compression strength of standard

concrete cylinders;

£f" = 0.85 £°': _ s
c c .
e, = strain at a particular section;

Eo = the maximum strain at which fé‘ occurs:

fc = concrete stress corresponding to €

-

There is a considerable variation in concrete strength
down the height of the individual column, with the highest
strength at the bottom of the column and lowest at the top.

This is probably due to the water gain at the top during
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¢casting. That is why ﬁé‘ was taken d@s 0.85 fé .

The differential eguation Qoverning the bent equiii-
brium cbnfigura;ion of an eccentrically loaded column is
derived by eguating the internal and external forces and
moments in a deformed section. The external moment is equal
to the.applied load times the total deflection which includes
the eccentricity. Equating.the external and internal moments

of a deformed column gives:

d% . oy = .
EI 'az" + Py =0 (3.2.2)

in which, EI flexural stiffness of the column:

v deflection of the column;

il

distance along the length of the column;

pe
_P/J= external axial load.

Since the flexural stiffness EI is not a constant,
but a complicated function of load, deflection and distance
along the length of the column, analytical integration of
Eg. {(3.2.2) is not pos;iblé, and numerical integration has
to be used.

The linear strain distribution oé:a cross—-section may
be spepified by the curvature p and the distance ¥ of the
neutral axis from the c¢entroidal axis. The internal axial
force énd moment can be calculated Erom the strain distri-

bution by the following eguations:

J k L
P. = f gda= I g .Bys. + T o . . I F
i a o7 st Ql =] Ccici j=1 T
= fl(OfY) (3.2.3)
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L

. ] k 2
My = S o Gah = B oogiGifes * B %eibifer I il
. = fz(p,Y) (3.2.4)
where, 3j = number of strips of steel;
k = number of strips of concrete;
£ = number of prestresséd tendons;
Ogi790; = stresses of steel and concrete strip,
respectively;
Asi'Aci = areas of steel and concrete strip, respectively;
Gi = distance from the center of the strip to
centroid of the section;
F, = net prestressed force (tension has been
taken as negative);
D. = distance from the center of tendon to centroid

of the section.

Using Egs. 63.2.3) and (3.2.4) the bending moment and
corresponding axial load for any given strain distribution
can be evaluated.

When thé prestressing tendon is unbonded, upon load-
ing, the steel slips with respect ﬁo the concrete. Due to
this slip the strain in the tendon will be different from
that of the neighboring concrete. B2Any change of strain in
the unbonded tendon will be distributed throughout its
entire length. To compute the average strain for the cable,
it is necessary to determine the total change in length of
the tendon due to the moments in the column. This can be
done by integratiné +he strain along its entire length

neglecting friction along tendon.
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If M is the moment at any section, the unit strain ¢

in the concrete at any point is given by:

=f__p
e =z =5t | (3.2.5)
where, vy_= distance of the tendon from the neutral axis;

P
£ = stress corresponding to moment M.
The total strain along the cable is then:

L L My

= - - .—.E
€ [ e-dx J ki dx (3.2.6)
0 0
where, L = length of the column.

The average strain is:

Erp L My
<+ = J‘ iﬁ% dx {(3.2.7)
The average stress is:
. Em L My Es
fs = ES(TT) = [ —ng— dx : (3.2.8)

0

where, Es = Young's modulus of préstressing steel. -

In Egq. (3.2.8), M, EI, y vary along the column length,
where v is the deflection along the column. To evaluate
these three quantities the deflected shape must be deter-
mined first. The deflected shape, however varies with the
applied load and hence a trial and error procedure will be
used to solve Egs. (3.2.3) and (3.2.4). The procedure can

be summarised as follows:

(1) Choose an initial value for the curvature p at mid-

height;



(2)

(3)

(4)

(5)

{6)

(7)

(8)

-28°

Select a trial value of Kd, the neutral axis depth;
Calculate the values of P and Mio corresponding to

pO' Kd; ‘ - :

rind the values of M, EI, and y along the column length

corresponding to P and Mio by an approximate method.

In this case a part cosine wave approach was used:

T

Y = Y, COST (3.2.9)

where, y = total deflection at a distance x from
the middle of the column;
L = half cosine wave length:
Yo = deflection at mid-height:;

Using Eg. (3.2.8) the effect of prestressing was
evaluated. The net force for the prestressed column
was determined, using Eg. (3.2.3);

If the net force is .egqual to the appiied axial force,

which was kept constant, go to Step 7, otherwise go to

Step 2 with an improved value of Xd, until the
internal and external axial force are the same within
acceptable limits;

Calculate the bending moment for the corresponding
strain distribution taking into consideration the
effect of prestressing;

Find the deflections corresponding to the central
mement using the finite difference method. Thus a
deflected shape will be obtained:

The improvement of Kd in Step 6 was made by using a



29

modified Newton—Raphéon method. The finite differepce, used
in Step 8 will be discussed in the next section.
(3) Increase the curvature in Step 1 and repeat Steps 2 to
8.
Thus, for different values of curvatures, the bending

moments and deflections can be obtained for a constant axial

-

force.

3.3 Finite Difference Approach (7)

The deflected shape is expressed in terms of first
order finite difference equations at a number of sections
along the-length. Since the end eccentricities are equal,
the column bends in symmetrical single curvature and only
half of the column length need be considered. The length
is divided into n segments, each of length h (Fig. §)

The external moment at the rth point Mer is given by:

Mer = P(yo—vr) = Mio-PVr . . (3.3.1)
’_
where, Vr = Y Y7
Y. = deflection along the column length.
B Since VO = 0 and by symmetry Vl=V_l:
= L 42,
Vl =3 h P (3.3.2)
where, h = length of each segment;
P, = curvature at mid-height.

The computational procedure for calculating the moment-

deflection curve consists of the following steps:

E



(1}
(2)
(3)

(4)

(5)
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Choose an initial value for the central curvature 0;
Select a trial value of YO;

Calculate the values cf P and Mio corresponding to Po
and ¥ ; (Fig. 7)

Using Eg. (3.3.2) calculate vy from P Use this value
of v in Eg. (3.3.1) to calculate the external moment

1
Mer at section (1):
Solve the cross-sectional Egs. (3.2.3) and (3.2.4) at
section (1), thereby obtaining ; and Yy corresponding
to P and Mel' Using the values Pf vo, vl and pl in
first order central difference equation calculate Vot
vo-—2vl+v2

_p —
1 h?

ox,

v 2v., - vy T h? (3.3.3)

Vs 1 P

Repeat Step (5) for the sections along the column length

until the offset disfance vn is obtained.

The central deflection corresponding to P and M5 is

then v .
It

By successive incrementing Py values meoment-deflection

curve for a particular P can be obtained.

To solve the cross-sectional equations in gtep 5, 2

numerical method has been used. By using a modified Newton-

raphson procedure, a faster convergence has been obtained.

b

This is discussed in the next paragraph.
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3.3.1 Strain Distribution in a Section Subjected to
\“

-

e Given Longitudinal Load and Bending Moments (40)

The problem of finding the strain distribution in a
reinforced concrete section under the combined action of a
longitudinal load and bending moment cannot be solved
directly, and therefore closed form solutions are not avail-
able. The numerical procedure which solves the problem
succes§fully, an extension of Newton-Raphson's method is
baseé on the following considerations.

It can be assumed that for a given.seation and material
properties, P and M can be expressed as functioqs of ¢ and €4

as follows:

P = P(¢ )

r€4
M(¢I€4)

(3.3.1.1)

M

Let ¢ and 24 corresponding to certain P, M be known.
An expansion of Eg. (3.3.1.1) and P and M by using Taylor's

theorem and retaining only the linear terms yields:

P =D + %g S + %%Z S¢,
{3.3.1.2)
(‘ M=M+ %% S + %EZ 554
|
where, 4§¢ = increment of curvature necessary to produce
P and M;
654 = increment of extreme compressive fibre (top)

strain necessary to produce P and M:

3P/3¢

rate of change of load with curvature;

aP/BEﬁ

rate of change of load with top strain;
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aM/3¢ = rate of change of moment with curvature;
aM/351= rate of change of moment with top strain;
P,M = longitudinal load and bending moment, res-

pectively, for which ¢ and e, are sought.

4
If the four different rates of change can be deter-

mined, &8¢ and 654 are readily available through a simultan-

eous solution of Eq. (3.3.1.2). The required ¢ and ¢

4
would then be:

(3.3.1.3)

Because of the approximation involved in Eg. (3.3.1.2)
it is'likely that Eg. (3.3.1.3) will not provide a solution
with the desired accuracy in the initial trial. The neces-
sary check on the accuracy of solution can be made using
Egs. (3.2.3) and (3.2.4) with ¢ and g, to }ind a longitu-

dinal load Pl and bending momknt M If the agreement is

1

not satisfactory, a new cycle may be started with ¢,e P

4' "1
and Ml as new initial values. It can be expected that these
will be closer to the solution. The process converges
rapidly with the number of cycles needed depending on the
accuracy desired.

The determination of the rates of change of load and
moment with curvature and top strain for each cycle is made
in two independent steps. First, an increment of curvature,
4¢ is gilven to the strain distribution in the section while

€4 1s maintained constant. This is eguivalent to a rotation
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A¢ of the strain diagram about 24.' Using Egs. (3.2.3)

and (3.2.4), a new longitudinal locad P¢ and bending moment
M¢ can be calculated. The rates of change 3P/3¢ and 3M/3¢
of longitudinal load and bending mqment, with respect to

curvature, can be calculated as fcllows:

ap _ FgF
30 b¢ * (3.3.1.4)
am _ M
3o Ad

Secondly, an increment of top strain Ae4 is given to
fhe same initial strain distribution in the section while

¢ is maintained constant. This is equivalent to a parallel

translation of the strain diagréh for a distance Ae4. If

Egs. (3.2.3) and (3.2.4) are used again, a new longitudinal
load Ps4 and bending moment ME4 can be calculated. The
rates of change 3P/354-and aM/ae4 of longitudinal load and
bending moment with respect to top strain can then be calcu-

lated as follows:

P -P
3P _ %4
.} 354 AE4
{(3.3.1.5)
M -M
aM_ _ "4
354 684

_The whole process has a graphical interpretation in
a simpler case that makes the character of the process more
apparent. For the sake of simplicity consider the one-

dimensional determination of the unknown abscissa x for a
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given ordinate y (see Fig. 8). The relation between x and
vy is given by v = y(x). The coordinates x,s ¥y, of point 1
are known. If the abscissa Xy is incremented by £x, the

ordinate ¥y of the new point can be obtained as:

¥, = y(x;+ox) . (3.3.1.6)

The rate of change Ay/Ax as defined in the process

is given by:

(v (x+3§)-yl]/3x (3.3.2.7)

This is the slope of the secant to the cuxrve. The

<

required éx as obtained from:

y =y, + %%-Gx (3.3.1.8)

is the increment in the abscissa necessary for the extensicn

L

of the secant to reach an ordinate equal to y. When the new

abscissa (x+dx) is substituted in y = v(x) an.ordinate v, is

2
obtained which differs from y a certain amount. If the
desired accuracy has_not been obtained, Point 2 (see Fig. 8)
is used as the initial point and a new trial is initiated.
iThe process is répeated until the desired accuracy has been
attained.

The selection of the increments deserves attention.
;f the increments are very small, the secant may theoretically-
become the tangent through the point. In practice, very
small increments may lead to small differences between large

numbers and to consequent round-off errors. When the initial

values of P and M represent a condition close to failure,
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small increments may be in order. Otherwise, increments
should be large enough to prevent oscillation of the pProcess
around the solution caused by round-off errors. The follow-

Y

ing expression - -
AR = oA + 8 (3.3.1.9)

{in which A is either ¢ or €,) can be used to determine the
necessary increments. The coefficient o can be selected as
say 0.001 and 8 as 0.000001, a pPositive guantity to prevent
increment becoming zero. Normally three to four cycles of
iteration areKsufficient for convergence. The flowchart

for the above method is given in Appendix B . The deflection
obtained here will be checked by Newmark's integration
procedure. The necessary condition for Newvmark's method is

a2 pre-determined moment-curvature relationship for a constant

axial load.

3.4 Newmark's Numerical Integration (41)

COnsider a column of length L loaded with an axial
load P having an end eccentricity e, equal at both ends. The
column is divided into n equal parts with 0 to n ;s node
junctions. 1Initial deflections are assumed approximately by

a cosine curve. Then the following steps are followed to

obtain the deflections at node points. (Fig. 9)

Step 1

Compute the bending moments at the node points due to

the total deflections as given by:
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»
0,1,...n (3.4.1)
where, e =
Y; T
St?E 2.

Refer to the M-¢ curve for the axial load P, andg by
interpolation obtain the curvatures at node points ¢i

(i=0,1,...n) corresponding to the node moments computed

2bove.

;
It

Step 3

Compute the equivalent concentrated angle changes
(i.e., curvatures) at node points assuming a parabolic angle
change diagram, as given by:

=]

R = -A/(7¢;+ 6¢l - ¢2)/24

pr_

Rie™ “A(05 3 + 100, + 6...)/12  (3.4.2)

R, = -X(7¢_ + 6¢9‘l -6 ,)/24

where, 1 = 1,2,...n-1.

SteE 4

Compute values for the average slopes between node

positions as.given by:

' 15541 = §215; * Ri, i = 1,2,...n-1 (3,4.3)

where, OSl is assumed to be equal to Rof
Step 5 -
Compute deflections at the node positions from the

average slopes as given by:
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o o (3.4.4)

- a, = U.i_l + i-‘lsi' l=l,2,...n

Step 6

Apply a linear correction to these deflections to
obtain zero deflection at both ends of the column and
therefore a new set of values for the additional deflections

due to load as given by: o

v o= u-i un/n,‘i =0,I,...n (3.4.5) 1.

Step 7

Replace the assumgd values for Y, used in Step 1 by
the new values yi' calculated in Step 6 and repeat Steps 1
to 6 until convergence is obtained to the desired limits of

accuracy. For the purpose of this work, this condition is

_assumed satisfied if for all the ncdes:.
\ -
0.995 ¢ v,/yv;' € 1.005

The complete solution took 5 to 6 cycles for conver-
gence. In the present investigation, ‘e', the end eccentri-

city was varied and the mid~deflections were obtained.
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CHAPTER 4 -

-

EXPERIMENTAL PROGRAMME s

4.1 Scope of the Experimental Work

To verify the analytical work proposed in Chapter 3,
tests were carried out on several prestressed concrete tubular
columns. Out of 6-columns tested, five of them were pre-

strassed and one was nonprestresséd (Fig. L0). The main/gifiable
P )

examined was the amount of prestressing. The nonprestressed

~column was tested tq;check the accuracy of the existing

thepries. In one of the five prestressed columns, the axial

load was varied to find any benefits due to triaxial confine-

-
-

ment combined with prestressing.

4.2 Materials
4.2.1 Concrete
éigh early strength Portland cement (CSA Type 30) was
used in all the columns. This type ©f cement proviéés tﬁe-
design strength within one week. A clean sand free of

impurities was used. The maximum size of coarse aggregate
L

f'was restricted to 3/8 inch since it should not exceed 1/6 of the

size of the least lateral dimension of the column. The\ maximum

clear distance between any two prestressing tendons, whikh is

0.5 in., provided enodgh space for the aggregate and e

mortar. Tﬁe coarse aggregate used was crushed stone with
hard, clean and durable properties. Natural water having no
impurities was used. Concrete mixing was done in Eirich |
counter current mixer, model EA2(2W) with S5 cu. £t. chargihg

capacity and electrically operated. One batch of concrete

L ]
~T

28
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,f—'
mix was used to cast 3 columns at the same time. With each
batch of concrete 4 standard 6-inch diameter cylinders were
cast. It is difficult to predict the concrete compressive
strength which is enclosed by a steel jacket. So two cylin-
ders were cured in perfect dry condition and the other two
were cured with water. The average;gf the result was taken
as the compreséive strength of the concrete inside the steel
tube. There is a 20% difference of strength between drxfaﬁé
wet cured cylinders. A water-cement ratio of 0.4 was used
to get a good workability. The pfoportioning of the concrete
mix is-givén in Appendix A. The mix was proportioned on the
basis of "Design and Control of Concrete Mlxtures" by
Canadian |PCA (42). The designed Etrength and actual strength

were very close. All batching was done by weight.

4.2 Hollow Steel Tube

The steel tube consistzﬁof high tensile steel with a
yield strength'of about 80 ksi. The length of each specimen
was 36 in. and was kept constant. The diameter of the steel
tube was 4.5 in. and the wall K thickness was 0.133 in. éverage.
All columns were intended to be short columns with an effec-
tive length to diameter ratio of approximately 11.5. All
columns were tested under a constant axiai lead and increas-
ing bending moment. |

4.2.2.1 Preparation of the Specimen ow

The tube was cut to 36 inches and was machined to
»

‘ensure that the ends were flat. Originally the tubes were
to be cast without any additional work done to them. Prior

L

t0 these six columns which are reported here, £four columns

~
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were tested with prgstressing on the concrete alone. The
results are not reported here because the strains measured on
the steel tube indicated there might have been a bond failure
because ¢of the prestressing. Thus it was decided to improve
the bond by providing scme bond-connectors (shear-connectors)
in the shape of lués at both ends of the colu@ps as far from
the ends as possible.

So the new S%Eies of tests which is reported in this
investigation was conducted with tubes containing four shear
connectors per column, two on each end which are welded to
the steel tube. This did not change the stress-strain pro-
perty of the material very much, but improved the bond
characteristics significantly. The connectors are 4 inches
in length welded on to sides of the tube and projects l%
inches into the concrete. This also heiped to prevent any

end zone failure because of prestressing.

4.2.3 Bigh fénsile Steel for Prestressing
A

Bigh tensile steel wire of 0.276 inch in diameter,

with one side buttoned headed, was used for prestressing the
concrete-filled tubular columns. Tensile tests indicated an
ultimate stress of 262.5 ksi and a yield stress of 245.0 ksi.,
The stress—-strain curve for the ‘prestressing tendon is given
in Fig. S.

4.2.4 Experimental Eguipment

4.2.4.1 Prestressing Equipment

The equipment used in the prestressing of the wires

was manufactured by Cable Covers Ltd., England. It consists

~
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of a hydraulic jack of 20 kips. capacity which was used for
post-tensioning. The mechanical gripping device is an open
grip anchorage. Black wax lubricant was applied to the

ﬁedges to make it easier to release the grips after complet;

ing the-prestressing operation.

4.2.4.2 End Bearing Plate

An end bearing plate with a thickness of 1/4 in. was
used to distribute the prestre:;ing force to the concrete as
uniformly as possible. Tﬁe bearing plates were either square
or rectangular in shape. Holes large enough for the pre-

stressing tendons were provided. Two end bearing plates

were used for each column, one at each end.

4.2.4.3 Jacks
A hydraulic jack with a load cell mounted on it was
used to apply the eOnstant axial force. The bending moment
was applied through a tension jack of 16 ton capacity in com-
pression and 8 ton capacity in tension, with a Slj:h piston

4
length.

4.2.5 Testing Frame

] A sketch of the testing apparatus is shown in Fig. 11
The apparatus chsists of two heavy steel I beams which are
stiffened with transverse stiffners to‘prevént any local
buckling of the web or the f£lange. Two'heavy end fittings
were welded to the I beams. These sleeves prevent the col- -
umn from flying off its base. These sleeves, 4" in height,

rotated about as much as the column, and hence had an insig-

nificant effect on the results. The column was subjected to
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}
two equal bending moments in opposite directions which

forced it to bend in single curvature. The ben&ing moment
was applied by pulliég on a 5/8 inch threaded bar at 32.5
inches from the center of column. The heavy end beams were
attached to end piates with a bea}ing surface for a spherical
ball which acts as a pin in allowing the column to rotate
freely. A three-inch ball at the top and a one-and-half inch
ball at the bottom were used respectively. As the column
rotates, the beams also rotate an equal amount. To prevent
the jack from bending, a knife edge was used at the end of

each beam. This allowed the jack to remain straight and put

_a vertical equal force on both ends of the beams.

4.2.6 Casting of Columns ,

All tubes were filled in a vertical position and the
concrete‘vibrated with a plate vibrator. During the £illing
operation the bottom end of the tube was held éown on a plexi--
glass plate so that the mixing water did not leak out. Two
wooden templates were used, one from each end of the column
to get a uniform surface for the end bearing plate. The
template at the top was located about 2 inches from top, and
bottom one about 1 inch from the bottom in ordexr to have
enough space for prestressing anchorages"and buttonned head.
Plastic tubes of 1/2" in diameter stiffened with mild steel
rods of 1/2" in diameter, were placed in the column before
casting to provide an opening for a 0.276"diameter prestress-

ing tendon with a strain gage attached to it. The plastic

tubes were greased so that they could be removed after 24
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hours. - The concrete was dropped into the tube from the top.
It was placed in 6" lifts. Each lift was added as soon as
the one below had been vibrated. Considerable care had to be
taken while vibrating the concrete to ensure proper compac-
tion. It was necessary to continue the vibration until all
the air bubbles entrapped within the concrete had been ex-

pelled, but stopped before the concrete began to segrééate

.and water rose to the surface. This could only be done by

watching the surface of each lift and judging, from its o
. .

appearance, the proper moment at which teo discontinue the

vibration. Occasionally, a portable lamp was used. Toc
.prevent any horizontal joints, the upper lift was compacted
.

with a rod. The upper surface was made as smooth as possible

sO0 that prestressing will be uniform on the entire surface.

4.2.7 Material Properties

Several tensile tests on the material in the steel tube
were done on standard tensile specimen, with a length of 12

-

in. and a gage length of 2"} Tensi;e coupons were taken from
the welded tube atiggzlous heights énd at various locations
around the weld to determine the effect of weld on the yield
strength. The resplts indicated a small change. A stub

-column with a height of 12 inches was also tested in compres-—

sion.
The results of both}fhe compression and tension tests
are verv close in agreement. -

Two concrete cyl¥nders were tested after 7 days when

the prestressing was appliﬁd to the column. The remaining

)

- .
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two cylinders were tested at time of testing, usually 14 to
20 days. All cylinders were capped before testing.
A prestressing rod of 0.276 in dia. has been tested to

determine its stress-—-strain properties.

4.3 Instrumentation

4.3.1 Strain guages

Oon each prestressing rod one electrical resistance
strgin gauge of type CEA-06-250UW-120 was attached. .This is
a special strain gauge with copper terminals attached for
ease in attachipg +the lead wires. Each strain gauge is of
1/4 inch gauge léngth and of 120 ohm resistance. Strain
gauges of the same type were attached on the column. Two
strain gauges, one inclined at .90° to the other, were
attached to each tension and compression face.

This arrangement of strain gauges permits the measure-
ment of the strains in the longitudinal and circumferential
directions on both the faces. Befofe attaching the strain
gauges, the surfaces were smoothened using £ine silicone
carbide paper and acetone. The strain gauge was mounted
using Eastman M-Bond 200 adhesive with a 200 catalyst as a @
bonding agent according to the manufaéturer's recommendations.
The lead wires were then soldered to the gauges and a dust
proofed coat, M coat—S; was applied. After curéng for 24
hours at room temperature, a plastic tape'was'wrapped around
for further protection.

4.3.2 Mechanical Dial Gauges

The deflections of thé\qolumn were measured using



mechanicalﬂiialgauges having a minimum reading &f 0.001
inches. These deflection gauges were mounted, along the -
length of the column, equally spaced, with one in the center
and on a straighf rigid angle which was clamped to the base.
Lateral deformation of the column with respect to its ends
was also measured.

Thus strains and def;egz;ons relevant to the overall
behaviour ¢f the column were measured along two perpendicular

directions on the tension and compression faces. The plane of

strain gauges and deflections were@giij to coincide with the plane
of eccentricity. A 25 kips load cell™as used to measure the

eccentric load.

4.4 Experimental Set-Up and Test Procedure

A sketch of the column is shown in Fig. 12. Before
testing, the columns were prestressed to an effective prestress
of approximately 170 ksi and then both the ends were grouted
wifh a non-shrink grout. The ends were made flush with the

°
steel tube so that the load will be distributed between the steel

%tube and concrete. The strain géuqe wires from the prestress-
‘ing tendons were taken through holes provided in heavy arms.

Then the column was meounted in the test frame and an
initial locad of 1 kip was appligd so that columg will be held
in position. The effective length of the column was taken as
the distance between the centers of the two spherical balls.
The spherical balls created a nearly pinned-pinned column.

This can be seen by comparing the rotation of the heavy.beams

~ . :
to the column Fotation. They are virtually the same. The
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axial load, which is kept constant, is applied in 5 kip
increments. Then the eccentric load was applied in 200 lbs.
increments. The eccéntricity of the load is 32.5 inches,
which is measured from the centre of the column to the centre
of the tension jack. The bending moment at the center of the
column is due to the primary bending moment, Mo, caused by
the eccentric load, plus the secondary bending moment which
is equal to the axial locad times the central deflection. The
concentric axial force was adjusted for each change in the
eccentric force so that the total axial force would remain
constaht while the moments were.increAsed. After every load
and/or mbment incremen£ strains and deflections were accurately
recorded until the faidure load was reached.

Failure was indicated by a rabid drop of load or
moment. Sometimes the piston length of the tension jack ran
out of +travel and then the test had to be stopped. At least
in one column, knife edges through which the eccentric load
‘was applied ran out of rotation,-and then test had to be
stopped because by then enough plasticity was induced in the
column. Although prestressed concrete-filled tubular columns
are very ductile, ciirvature of not more than 00031 in-l were
reached because of limitations in the eguipment. The maximum
compressive strain recorged was about 7000-8000 pe. Although
all the columns were not tested up to the collapse load, it
was assumed that at least 70% of the ultimate locad was

‘applied. This figure was arrived from observing the strains.



4.5 Cracks’ : .

No cracking was heard during testing. After the test-
ing all the columns were cut open with a grinder around the
Sheaf connectors on two planes perpendicular to tenSion and
compression fgces. This did not disturb or induce any heat
'in the concrete. The steel shell was easily removed after
cutting. There was no adhesive bond between steel and con-
Crete. ‘Little drops of water Qere seen on the concrete

- - . N
surface indicating a condition similar to water cured cylin-

ders.
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CHAPTER 5

DISCUSSION QOF RESULTS

5.1 General ' £,
Tests on six concrete-£filled tubular columns; five

prestressed and one nonprestressed were performed to determine

theultimétestrgngth. The column designations are shown in

Table 1. The theoretical and expefimental results for
deflections, strains and curvgtures are compared in Figs. 13

to 44. To observe ther affect of plasticity, at which the ratio
of transve{se to longitudinal strain will be 0.5, longitudinal

and transverse strains obtained fmsom experiments are also com-

pared. The experimental and theoretical maximum moments are

shown in Table 2.

5.2 'Nonprestressed Column NS1

.
NS1, the nonprestressed cqncreté—filled column, was 4E§&’
tested under a constant axial load of 70.0 kips and the
bending moment was increased until collapse. The axial load
was applied in increments of 5.0 kips up to.70.0 kips and
then the eccentric load was applied in increments of 0.5
kips. The column had a2 deflection of b.124 inches at mid-
height after the applicatioﬁ of all of the_axial locad. When
the moment was applied, the deflection increased in the dir-
ection of the moment.This was considered in the calculation

of the total moment, which is the applied moment plus the

PA effect due to the axial load.
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A maximum longitudinal compressive strain of 75401¢
was measured and an ultimate curvature of 0.0028/inch was
reached. A maximum ratio betwéen transverse and longitudinal
strain of 0,35 was obtained on the compressive side.

The average concrete strength, which is_taken as
average strength of the cry-cured and the moist-cured cylin-
ders, is about 6000 psi. An ultimate moment of 207 in.-kip.
was reached expérimentally and failure was indicatéd by a
rapidly dropping load. A maximum &eflectiop of 0.874 inches
was reached. Theoretical analysis was performed with an £
of 0.85 times 6000 psi which is equal to 5100 psi. A moment
of 223 in.-kip. was obtained for the corresponding experimental
ultimate curvature which can be éeen in Fig. 13. A difference
of 55% was observed between experimental and theoretical
curvatures for a moment of 152 in.-kip.

Theoretical and experimental moment-strain relation-
ships for a mid-height section are compéred in Fig. 14. Good
agreement.cgn be seen for both compressive and tensile
strains. The initial offset at zero moment indicates the
compress;ve strain induced by the axial load.

Moment-deflection relationship for a mid-height
section was compared. The maximum difference of 28%, which
can be seen in Pig. 15, was observed between experimental
and theoretical values at ultimate load. This can be attri-

buted to imperfections of the column and lack of concentricity

o~
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of axial load. Fig. 16 shows the variation with moment of
the longitudinal and transverse strains, obtained experi- 'x//
mentally on the compressive Qide.

After the experiment, the column was cut opeh with a
grinder without much disturbance to the concrete inside and
a picture,K showing cracks of concrete on the tensile side iq:f'

shown in Fig. 17.

5.3 Prestressed Columns

b

5.3.1 Column NS2

)

NS2 was prestressed with two ten&éns.symmitrically
placed with respect to the center of the.cross—section and
in the bending plare. This column was gésted under an
axial load of 105 kips and increased bhending moment. The
column had an initial defl:ction of 0.200 inches at mid-
height after the application of the axial loa@. The ten-
dons were each stressed to approximately l§b ksi. This
amounts to a prestress of 755 psi in the concrete which is
equal to 0.127 fc“. The average concrete strength was
found to be approximately 7000 psi at the time of testing.
Analysis was performed with an fc" of 5950 psi.

A maximum longitudinal compressive strain of 7784pe
was reached experimentally witﬁ a curvature of 0.0024/in.
Ratio between transverse and longitudinal strain of 0.304
was observed at the time of fa%}ﬁf@. Failure was evident
when no increase in the bending moments was accompanied by
an increase in deflection. A maximum moment of 191 in.kip-

was reached experimentally at which the maximum’ deflection
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‘'was found to be 0.788 inch.

A theoretical analysis shows 195 in.—kin. moment for
a curvature of 0.0024/in. A difference of 28% was observed
between theoretical and experimental curvatures for a moment
of ;41 in.~kip. (Fig. i8).

The applied axial load represents 45 percent of thé-
ultimate axial load of the column assuﬁing there is no
confinement of coficrete by the steel; Mo increase in
strength due to confinement seemed to have occurred in this
column. This can be observed from graphs. No further
increase of axial load was considered because all the pre-
stress would be lost by the application of only axial load.

Experimental moment-deflection, momgnt—strain curves
are in good agreement with tﬁeoretical ones as shown in
Figs. 19 and 20. Fig. 21 shows the relationship between
transverse ané longitudinal strains with moment. Fig. 22
shows the end crippling of séeei tube due to local stresses:
Fig. 23 shows the cracks on the tension side of concrete

s

which are smaller in number than the nonprestressed column
[ 1

NS1, shown in Fig. 17.

-

5.3.2 Column NS3
. NS3 is a coiumn similar to NS2 except that the
- applied. axial Joad was oniy 20 kips: This is to create
a situation @gry'close to pure bending. At the same time

as is well known for reinforced concrete, maximum bending

moment occurs under certain axial load. The axial load
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represents only about 8.5% of the crushing load. .

After the application of the axial load, a deflection
of 0.200 inches was measured experimentally. This could be
due to imperfections of e column. The prestressing was
done with two tendons, Which gives an amount of prestress
equal to 0.120 fé'. The average concrete strength was found
to be 6000 pgi. The experiment was not continued to -
collapse because of equipment problems and total rotation
of phe knife edges. ’ - i

Ekperimental any, theoretical moment-deflection curves
are plotted in Fig. 241 A maximum difference of approximately
150%‘was found between theLé;eory and experiment. The main
reason fof this discrepancy is the end sleeves. The end
sleeves were loose so that khe column could move freely up
to aﬁaut a half inch.. As the moment was applie@ the end
sleeves rotate and moved the column laterally until it touches
one of the edges o0f the sleeve.  So the méasured deflection
is not the true deflection but movement of thg column plus
the normal deflection. After reaching a certain stage in
the loading, the movement of the column is stopped and from
there onwards the true deflection is measured. It is not
possible to separate these two quantities because the column
moved laterally gradually as the bending moment was applied.

Moment-curvature graphs, shown in Fig. 25, indicaté

good agreement between theory and experiment. .The experi-
/ L

=%

mental mafimum moment obtained was 216" in.-kip at a curvature

of 0.0024/in. while the theoretical moment was 233 in.-kip
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for the corggsponding(ﬁurvature. Moment-strain curves in
Fig; 26 also shows good agqéement._ A.maximuﬁ ratio of
transverse-t§ longitudinai strain of 0.39 was observed in
the experiment. Fig. 27 shows Fhe variation of longitudihal
and ;réhsverse strains on the compresgive side througﬁout "
its loading range. ' Tf

As comp%red to its counterpart, the nonprestressed
column, there is theoretically an increase of 10 in.~kip. in,
moment capacity. The concrete contribution in the non-
prestressed column is about 28 in.-kip. and so by prestressinc
the same contribution has been increased to 38 in.-kip., which
is an increase of approximately 36%. Bu£ as the contribution
of steél tube is so high, the overall increase of moment is
only about 4.5% over nonprestressed section. Fig. 28 shows

L

the column during testing.

5.3.3 Column NS4

NS4 is prestressed with three tendon?—s§mmetrically,
placed, one in the centre and the other two at egual distance
from the centre of the cross-section ?? shown in Fig. 29.

An axial load of 20 kip was applied té determine if~any
strength increase occurs over NS3, because of the increased
area of prestressing wires. The tendons were stressed
initially® to an average of 160 ksi which created a prestress
in the concéete of 0.222 fc'. The average concrete stréngth
was abeut 6000 psi. The in}tial deflectioR was about 0.061
-inches after the application of the axial load. NS4, like
NS3, could not be tested up to failure because 8f equipment

problems.

Experimental and theoretical moment-deflection values
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are shown in Fig. 30 and a discrepancy similar tq that of
NS3 was féund. The reasons for the discrepancy again are
same. Moment-curvature and moment-strain values are com—
pared in Figs. 31 and 3!a'and show ;-reasonable agreement.
A maximum ratio of trahgverse to longitudinal strain of
0.38 Wwas found which can be observed-f?om the graph for
longitudinal and lateral strains in Fig. 33. )

. Experimentally, a maximum moment 218 in kip'was
reached with a curvaturg:oﬁ_@,0031/in. Theoretically, a
moment of 240 in.-kip.was obtained for the same curvature.
There is no significant advantage obtained by increasing
the prestress here either tﬁeoretically or experimentally o
because the additional tendon was blaced in the centre of
the cross-section which does not conﬁribute to any increase

in bending‘moment. So it can be concluded that there dis

ne real advantage when a tendon is placed centrally Mm a

column. (/)

5.3.4 Column NS5

NS5, prestressed symmetrically with four tendons,
two tendons each on thé compression and on the tension
faces, is shown in Fig. 34. They are at egqual distance
from the centre of cross-section thus creating a uniform
‘prestress. A constant axial load of 20 kip was applied
and bending moment was applied gradually until collapse.
The purpcse of this column, to observe the effect of
increased prestress, was again the same as for NS4.

-~
An initial deflection of 0.050 inches was observed

1N
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after application of axial load. The prestressing amounts
to 0.296 fg where fg is the average concrete strength
determined to be 0.85 times 6000 psi which is equal to

5100 psi. The experiment could &Bt'be—continued to collapse
because.of eguipment problems:

Moment-deflection curves, shown in Fig. 35, indicate
the same discrepancy as shown in NS4. Moment-curvature
and moment—stréin graphs are in reasonable agréement with
theoretical results as shown ih Figs. 36 and 37. Fig. 38
shows the relationship betweeﬁ transverse strains and longi-
tudinal strains with moment. .

The experimental maximum moment reached was 195 in.-
kip. at a curvature of 0.0020 /in. At this stage the knife
edge had fotated fully. So the test could not be completed.
The chanée in stress in the prestrgssing tendons ;s as shown
in Fig. 39. There is good agreement between theoretical
and experimental results showing that the theory for unbonded
tendons is satisfactory.

. Theoretically at 0.0040/in. curvature amoment of
265 in.-kip was obtained whiﬁh is anr increase of about
7.5% over NS4. The increase‘over nonprestressed section
was about 16.2% which means concrete contribution due to

prestressing was increased about 123% over nonprestressed.

5.3.5 Column NS6

NS6, prestressed with five tendons which are
symmetrically placed like NS5 with one additional tendon

in the centre as shown in Fig. 40. The applied axial

load was~20 kips and there was no initial'deflection after
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the application of axial load. Aall the tendons were pre-
stressed to 160 ksi, on avérage, which amounts to a préstreés
in the concrete of 0.37 fg. The average concrete strength-
was about 6000 psi. This column, like NS5, also could not
be tested up to failure.

Moment~curvature, moment-deflection, and moment-

strain curves are shown in Figs. 41, 42 and 43. 1In the

‘moment-deflection graph in Fig. 41, the initial offset

~

could be due to the movemeht of the column in the sleeve.
When this offset was uniformly subtracted, the experimentally
corrected curve 1s shown as a dotted line. This reduced the
discrepancy considerably between the theoretical and experi-
mental ;esults. The maximum ratio between transverse and
longitudinal strains was determined to be 0.36 from the
experimental infdrﬁation in Fig. 44 which shows the lateral
and longitudinal strains. There is ﬁo increase in strength
over NS5 which means there is no advantage in having a cen-
tral tendon.

Experimentally a moment of 218 in.-kip was obtained
at 0.0028/in. curvature ag compared to a theoreti;a moment

of 255 in.-kibd. Fig. 45 and 46 show the column NS6 during

the test.

5.4 Digcussion

When the moment-curvature's graphs are superimposed
fof_N€3,.NS4, NS5 and NS6, it 1s observed that for NS6 the
moments are lower than NS5 indicating the optimum amount
of prestressing is about 0.296 fc" for this column. This
can be seen in Fig. 47. The afea of the §restressing is

about 1.68% of concrete area. The amount of prestress was

&
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- . Ld

always calculated és total prestressing férce divided by
transformed aréa'bf the total concrete-filled tube. This
was done because of the observed strain immediately after
prestressing indicated that steel has also been prestressed
simultaneocusly with the concrete. This is necessé}y also
to maintain the bond between the concrete and the steel
tube which is a basic éssumption in the analysis. For

NS3, NS4, NS5 and NSé, no-cracks were observed in thé
concrete on the tension side when the columns were cut open.
This might be due to the closing of é;acks after unloading
in the prestréssed columns. Because the columns were not
tested up to collapse, no permanent cracks were found.

From the observation of strains én these columns'it can be
said they were only tested up to 70% of their ultim;te
strength. This also confirms the theory.

The theoretical ultimate moments for a curvature of
0.0056/in.and an axial load of 20.0 kips were compared in
Zpble 3 for NS3, NS4, NS5 and NS6. It can be observed that
with two prestressing tendons a 9.1% increase in strength was
obtained over a nonprestressed section. With four tendons
a 20.8% increase was obtained over a nonprestressed_section.
This increase was at a curvature of 0.0056/in. and this-
decreases in the service load *ange. The contribution of
steel, however, was constant for ail the cases. The concrete
contribution in the nonprestressed section was only 31 in.-
ki§ whereas for the case of four tendons it was about 79 in.-
kip indicating a 155% increase for concrete contribution.

This could bé significant for a thin walled column where

.“
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concrete carries a major portion of load.

Fig. 48 shows the interaction diagrams for noﬁpre—
stressed NS3, NS4, NS5 and NS6. The advantages of pre-
stressing can be clearly seen where there is significant
pending. The maximum advantage is in the pure bending
region. Obviously the axial load capacity will be decreased
because of the prestressing force. For example, in NS6
the axial load capacity was reduced by about 30% because
of prestressing.

From Fig. 49, where moment-deflection curves aée
superimposed, it can be observed that prestressed sections
deflect less\than a nonprestressed column. A similar
behaviour caJ be observed with the moment-curvature graphs.
This indicaé;s tne higher ductility of the prestressed
columns. Additional details of the column can be seen in
Figs. 50 to 52. Y

5.5 Sources of Error

Although the reasons for the discrepancies are
pointed out above, the following additioﬁél reasons might
have also contributed.

i) ~ Initial imperfections of the column

& 11) The assumed perfect bond between the steel
and the concrete might have not been present
during the entire loading period

iii) Effect of cgnfinement which are significant

when L/D << 15 are not considered in the
analysis

i1v) Residual stresses due to ; ‘of shear

>

connectors and properties of tie ma erials

—
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v) Approximations in the analysis of unbonded
prestressed concrete~filled tubular column.

vi) ~ Measurement of deflections due to movement of

the column in the gap provided by the end-

sleeves.



CHAPTER 6 .

CONCLUSIONS AND RECOMMENDATIONS

6.1 General

Six concrete-filled tubular columns, five pre-
stressed and one nonpresﬁressed were tested under a con-
stant axial load and an increasing bending moment. All
columns were uniformly prestressed. The area of prestress-
ing steel was varied in four colﬁmns and axial load was
varied for only one column. The following conclusions

can be drawn from this investigation.

6.2 Conclusions

1. Prestressing a concrete-filled tubular column
can increase the load carrying capacity when it is sub-
jected to a large amount of bending moment. In this

investigation a 20% increase was achieved theoretically

TN

for a particular column.

h <

2. As the axial load iﬁcreases, the increase in
strength reduces and no triaxial effects seemed to be
apparent.

3. An exact theory was developed for an unbonded
prestressed concrete-filled tubular column.

4. As the area of prestressing steel increases,
the increase in strength reaches an optimum value. In this
investigation, however, that was found to be equal to 1.68%

<
cf the concrete area.

&0

v 4
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6.3 Recommendations

1. By changing parameters like the thickness of
steel tube and diameter of the steel tube, the effects
of prestressing could be séudiedu

2. The effect of bond strength between the steel
tube and'the concrete core should be studied particularly
when they are prestressed.

3. More experimentation should be done to check

the validity of the theory presented in this investigation.

4. Any movement of the column in the sleeve should

be completely prevented in the experiment.

-
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CLOSE-UP VIEW OF NS2 AFTER THE TEST.

22

[x4



82

FTG. 23 CRACKS ON CONCRETE FOR NS2.
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FIG. 28 COLUMN NS3 DURING THE TESTING.
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FIG. 29 COLUMN NS4 AFTER PRESTRESSING.
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COLUMN NSS AFTER PRESTRESSING.

34

FIG.
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40, COLUMN NS6 AFTER PRESTRESSING.
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COLUMN NS6 DURING THE TESTING.
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FIG. 46 COLUMN NS6 DURING THE TESTING SHOWING
THE DEFLECTION GAUGES.
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FIG. 50 TYPICAL COLUMN AFTER TEST (NOTE THE
LOCAIL BUCKLING OF STEEL TUBE AT TOP).
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PIG. 51 BOTTOM KNITE EDGE.
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APPENDIX A

Concrete Mix Design

Three trial mixes were made to get good workable
concrete with 2 to 3 in. slump and w/c ratio of 0.4. The
object was to achieve a concrete strength of at least 7000
psi. The 'mass' method based upon an estimated mass of
the cement per cubic meter, was used. An Engineering
bulletin issued by CPCA Mesign and Control of Concrete
Mixtures" (42) was referred for standard guantities. The

steps in the proportioning procedures are shown as follows:

Properties of the Materials:

Cement: Type 30, High Early Strength Cement

—r —————

Coarse_Aggregate: Maximum size 3/8"

Relative density 2.68
Absorption 0.5%
Total moisture conteq; 2%
Dry rodded mass 1600 kg/m3
Fine Aggregate: Relativeldensity 2.64

Absorption 0.7%

Total moisture content 6%

FM 2.60
. . : . @
Concrete Desired: Non-air entrained fc' = 7000 psi
Slump: 2 to 3 inches

116
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Estimated mass of a cubic meter of Non-Air

entrained concrete made with 3/8" (10 mm) = 2285 kg/m3
Approximate mixing water regquirements
For 2 in (50 mm) slump and 3/8" (10 mm)
aggregate = 205 kg/m3

Water/Cement ratio = 0.4, therefore cement = 512.5 kg/m3
Volume of coarse aggregate per unit volume
of concrete (0.48 x 1600) - 768 kg/m°
Estimated mass of sand is the difference
between the mass of fresh concrete and
the total mass of the other ingredients:

2285 - 1485.5 = ) 799.5 kg/m3

o ———— ——— T ——— S — . o — =

Cement 512 kg/m3
Water 205 kg/m3
Coarse aggregate 768 kg/m3

Sand 800 kg/m3

All the above calculations.were based on dry aggre-
gates. Actually, aggregates contained some moisture. The
dry masses were increased to compensate for the moisture
that is absorbed in and contained on the surface of each
particle. The mixing water was reduced by an amount equal
to the free moisture contributed by the aggregates.

- Tests indicate an average moisture content in fine
aggregate of 6%.

So corrected guantity for fine aggregate:

800 x 1.06 - §48 kg/m>



118

Absorbed water does not become part of the mixing
water and must be excluded from the adjustment in added
water. Thus, surface moisture contributed by the fine

aggregate 6% ~ 0.7% = 5.3%. The estimated requirement for

added water becomes:

205 - 800(0.053) = 162.6 kg/m°

. 3 — *
Final quantities for concrete of Im are:

Cement 512 kq/m3
Water 163 kg/m3 *
Coarse aggregate 768 kg/m3

Fine aggregate 848 kg/m3
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APPENDIX B

Description of the Computer P?BQfEE//f“

The computer program to find moments, deflections -

and curvatures of a prestressed concrete-filled tubular
column for a particular axial lcad can be described in the
following steps:
l} Input Daﬁgé
Generally three cards are sufficient to input the
data for idealised elastic-perfectly plastic materials.
. The data to be read ohlﬁirst card are:
a) outer diameter of steel tube (DDl)
b) thickness of steel tube (THK)
c) 28 day concrete cylinder strength (FCU)
d) vield strength of steel tube
e) modulus of elasticity of st;;:Sitgk (EA)
£) number of divisions the half column length was

divided (KK)

fe

g) vyield stress of the prestressing wire {FYP)

h) vield strain of steel tube (EPL)

i} applied axial load (P)

j} true length of column {TL)

k) number of stress-strain values for prestressed
tendon to be read (N1); N1 = 0 if idealised elastic-—
perfectly plastic material properties are used.

1) number of stress-strain values for hollow steel tube
in tension to be read (N2); N2 = 0 if ideglisgd
elastic-perfectly plastic material properﬁies\tc be

used

119
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\\w.
number of stress-strain values for hollow steel tube

in compression (N3); N3 = 0 if the material properties
are egual in tensfon and compression

diameter of the prestressing wire (DPR)

The data to be read on the second card are:
location of the prestressing tendon from the extreme
compression fibre. For the,

i) lst layer of bars (PRI1)

ii) 2nd layer of bars (PR2)

iii) 3rd layer of bars (PR3)

the maximum strain under which maximum stress occurs
for concrete (EO)

type'of stress-strain curve to be used kTYPE);TYPE=l
if elastic-perfectly plastic material to be used,
otherwise TYPE=any number except 1

starting case of prestressing to be analysed (NSTA);
NSTA can be 1 toc 5 indicating one to five tendons in .
the <olumn

finishing case of prestressing to be analysed (INC);
(INC) can be 1 to 5 indicating one to five tendons
in the column

area of the pfestressinq wire (APR)

modulus of elasticity of the prestressing wire (YMPR)
type of‘;tress—strain curve being used for hollow
steel tube in tension (ITYP); ITYP = 1 if elastic-
perfectly plastic material to be used, otherwise

ITYP = any number. except 1



i)

)

a)

b’

ct

2)
3)

4)
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type of stress-strain curve being used for hollow steel
tube in compression (TYPC); TYPC = 1 if the material
properties are equal in tension and compression,

otherwise TYPC = any number except 1

yield strain of the prestressing wire (EYS)

.The data to be read on third carxd are: .,
initial stresses in the prestressing tendon after
creep and shrinkage losses. For
i) the tendons in first layer kFPSC)

ii) the tendons in second layer (FPSM)

iii) the tendons in thérd layer (FPST)

initial strains in the prestressing tenden for the
corresponding stresses in a) above. For

i) ﬁhe tendons in first layer (ESEC)

ii)} the tendons in sécond layer (ESEM)

iii) the tendons in third layer (ESET)

actual length of the column (ACL)

Write the input data.

Select a value for the curvature (R) and the neutral
axis depth (C).

Find the intermal axial force and the bending moment
for the strain distribution in step (3) through sub-
routines COMPIL, FCI, FSTL3, PRST, COSINE, CALI, NUE
and ECOMP.

If the intermal axial forcé satisfies the external
applied axial load within acceptable tolerance (1%

in this case), f£find the deflection througﬁhsubroutines
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DFLECT and GURFI. If not repeat.step 4 with a new
value of C. _/}

6) Once the convergence in step 5 is achieved, repeat
steps 3 to 5 with a different value of curvature.

7) Write the out which consists of,

a) Bending moments, curvatures and deflections

b) strain at compressive and tensile extreme fibres

c) final stresses in the prestressing tendons

d) plot graphs for moment-curvature and moment—deflec;ion

for the applied axial load (CALCO3)

A flowchart describing above features is shown on next

page. A listing of computer program is given in hppendix C.

The Advantages and Limitations of the Computer Program

This computer program can calculate the bending
moments, curvatures and deflections for a particular axial
load for prestressed and nonprestressed concrete-filled
tubular columns. The program is simplified $O that only
three input data cards are sufficient to describe any
particular column to be analysed. This program can be
~» modified vefy easily. to accommodate different material
&?propérties and effects of confinement.

Thig program can only calculate the bending moments
and deformations for circular concrete-filled tubular
columns. This can be mecdified to accommodate other non-
circular shapes. This program is written for tHe five

cases of prestressing with tendons in three layers. For

any other configuration, the program has to be modified.

4
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Input Data: .

Gecmetry properties;
Material properties;
Axial load to be applied; -
Initial prestress.conditions

|select a value for curvature

Select a valué £or neutral
axis depth .

Calculate the internal axial
force and the bending moment

for the above strain distri-

bution

Check if the internal axial | Modify neutral

load is equal to externally | . axis cdepth C

applied load by Newton-Raphson
method.

Calculate Deflection

PRINT
Moments, Deflections and
Ccurvatures
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APPENDIX C

LISTING OF THE COMPU?E}}PROGRAM
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- THE ANALYSIS OF CRESTPESSED CCONCRETE FILLED STWEL TUBULAR CCLUMNS =
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g T T I T T LR Y P PRy Y PR PRI NS DL DL LR A DL AL PR (L LY ERLL AR L)

- TH{S COMOUTER DOOGRAM CALCULATES MOMENT=CURVATURE AND UYOUENT-0E- =
- ~BLECTION RELATICNSHIP FOR A PARTICULAR AXTAL LOAD AY FINITE DIFF— &
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£rp wY [ELD STRESS CF POESTPESSING w(RE
ZPL  mrylELD STRAIN OF STEEL TUBE
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L} RANY NUMBEER OTHER THAN L. [F EXACT STRESS=STRAIN VALUES
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- 1TYD =t. IF [QEALLISPD STEEL TUuBE STRESS~-STRAIN CURVE 15 USED

- mANY NUMBER (UTHER THAN 1,17 ZXACT vALUES ARE TN 8E USED
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- I NG R INISHING CASEISELECT 1/2/374/%5 )

- APR =mAR®A CF PRESTRESS ING wIRE

- YveR =YOUNG™S wQDULUS CF OCRESTRESSING wIRE (M TYPE=L . OTHAWISE 2
- £YsS =y (S0 STRAIN OF PAESTRESSING WIRE

hd FOSC = INITIAL STRESS IN THE ORESTRESSING TENDON (COMPQESS ION)

L] EPST ®INITIAL STRESS [N THE PRESTIESSING TENOON ([TENSION)

. FOSM =INITIAL STRESS IN THE PARESTRESSING TENLDON (HMIDOLE)

- ESEC wINITIAL STOAIN IN THE PRESTRESSING TENDON (COMPQESS [ON)

- ESET aINITIAL STRAIN I[N Twe PRESTRESSING TENOON (TINSICM)

b ESEM =INITIAL STRAIN IN THE PRESTRESSING TENOON (MIDDLE}

- xo wINTERNAL AXTAL tLOAD

- xXm = [NTEQNAL RESTISTING BEMDING MOMENT(PRIMARY BENDING HOMENT+
- SECONDARY SENDIMNG MOMENT)

- a2 =CURVATURE CORARSPONDS TQO xXP. XM

- DTA =DEF_ECTION FROM FINITE DIFFERENCE APPROACH

- sE AINITIAL STRAIN [N THE PRESTRESSING TENOCN

L ECE wuUNIFORM STOAIN IN THE CONCRETE CAUSED ay PRESTRSSING FCRCE
- ECC nCHANGF OF STRAIN CAUSED !N THE PRESTOESSING TENOON (CUME.)
- BCT wCHANGE OF STRAIN CAUSED [N THE PRESTRSSING TENOON [TENS.)
- =TOTAL CHANGE IN TENOON STRAINS(EXT.LOAD+LOSS/ZAIN IN

- THE SONSTRSSING TEMODOM—=INITIAL COMP.STRAIN IN COMCRETE)

-

-

-

-

-

STRC|®STAESSES [N ORESTRSSING TENCONS CCRRESPOND TO EPAC.EPART
sSTRT
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COMMON/AREAL/DOL D02, T &

COUMCN/ ARRA /ST EABCLU, U, P FOR{20) . EPPRI20)  MAT{2S ). E05({29) .£50
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20 FORMAT (10K *TATAL LENGTHM CF COLUMN (C/C GF ~INGE)* 13X FmA.3.r/7)
PREINT2L . KK
21 FAMAT (10X, *NDCF STATIONS ALONG THE MALF COLUMMN LENGCTWe . 8x,.13./77)
S TNT22 .Mt
22 F:ﬂﬂaY(!.LDK.'Nc.cg_s?ngss-srnaxn VALUES OF PQESTOESSED g[(OF¢ 5K,
1L3derr/7y
SRINT2I. N2
23 FOOMAT { 1AY, N, D STOEOCLGTIAIN VALJIES IF STCEEL TUALY (I 1 Y.s s
AT INTI N, .
2a WACWAT [ 13X, * X TEOQNAL AADLIMT AX[AL LIAD" W2 ET Y 0
SAUNT2S a0
H FAGuAT{LO0Xe *aCTUAL LENGTw 27 THlf ZJLUNNG (25K K5, 2. /770
SR INT26.001
-] 'cﬂ“h’(%ﬂt.'eﬂCA?tCN AF 15T LAYER OF TENOONS FROM EXTOFwE X180F+
i FM3.2,777)
SBINT2T7 .20
27 FAQWAT (L IX, *LOJCATION OF INO LAYER OF TENOCHS MOCHN SATONwE ~Iaos:,
LiX "% 2,772
IR {NTIA,.3PY
28 FORMAT (10X, *LOCATICN CF JAD LAYER QJF TENOONS mQdM SxTofwr simap:
11,5, ,//7)
PRINT29,20
29 FORWAT [ 10X, *STOAIN OF CONCARETE UNOER wMICH wAX, STAESS JCTuRS* . ax
LeFGoa/77)
A INTIO
30 SORMAT (10X, INQICATES THE «CODE GF INOUT FOA STRESS=$TRATN TOR°)
PRINTIL. TYype
31 MOQRMAT (10X, *MOLLSw STESL TUAE® ,34X,[3./7/)
2R tNTA2 -
az FRARMAT (10X, *INQICATES w THER THE CAROSERTIES OF HOLLOw STEEL )
PR IMTII. TYPC
2 ;g?~;;tlox-'fuae ARE EQUAL IN TENIIOM AMD COMORESSICM® . IOX 137770
NT3a
Ja FARMATY (L OX, * INOICATES The HCOE CF INPUT M0 STRESI=4STRAIN FCAR®)
OQ {NTIS.[TYP
33 FOQMAT [ L X, *CAESTRESSING wIRE? [ JAX,. [J. /770
29 (NTI&.EYS
Y- FAAMAT( 10X *YTTLD STRIN FCR PRESTAEIIAING WIRE® 20X, F0.4,.//7/)
DR INTIT . YmON
hirg FORMAT L 10X, *YOUNG=S “QDULUS #FOR ORESTRESIING wiA€:, 12X .F0.2,//7)
R INTIS . APR
s FOQRYAT (10X *AAZA OF SAESTRESIING WIAE* 28X, FS,.3,.7/77)
PARINTIQNITA
39 FOAMAT (10X, *STARTING CASE CF [HMINOLOM TENOCMS)® L7 13/ 77)
PR [NTal, [NG
40 FOAMAT L 10Xe ""INISHING CASE OF IM(NO.OF TEMOONMS) ' (06X .134r/ /)
DR INTA L . ABSE
.t FORAMAT (LOXe* IN[ITTAL STRESS [N (3T LAYER OF TENOOMNS? (13X, f4.2./77)
2R INTA2 . AOSH
a2

FORMAT [ 10X, ' INIT AL STRESS [N MO LAYER CZF TENOONS' (LIX.K4.2./7/)
PR INTAZ.ADYT
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FOATOaMm 1V G LEVEL 21 A [N JatTl -cleSJ {90978t
193 B | FORMAT (13X INITIAL STRESS [N 3RO LAYER CF TENOONS . 13X.A5.2./777)
21%a PAINTAL  ESEC . -

LRE-X ) aa FORMAT (12X " ITHITTAL STRAIN [N 13T LAYER OF TENDONS? (13X Fo4./77)

oq [NTa s, E38M

s FROMATT LAX, *INITIAL STAAIN IN 2NO LATYEDR OF TENOONS' , 13X FAbotr/)
PRINTLO.ESET .

L1 FORMAT{ | OXe *INITIaL ITRAIN [N JA0 LAYER OF TENOCUNS' 13X Ko a,/r7)
IF(ITY@.EQal) SO TO a7

PR {NTAd .
LY, ] BOAVAT{IOX, 'STRESS—STHAIN VALUES FAOR CORSTRESSTING wiOEs /7))
2R [NTAQ -

49 FARMAT [ 1IXa* ATRESI® W 2IX*ITRAINT o/ /7))
2RINTIO . ("PRI[)LEPR(] J,Tal.Ml}

b1-] ROAMAT { 10K M1 0.4 ,20X.”1040)

L4 iF(TYRPE EQL L) SO TO 31

PatNTE2

2 FOOWUAT ///7.10%.*STRESS=STRAIN VALJES #C2 ~OLLOw STREEL TUBE*,///)
28 xT32

53 FOQWAT (10X, "IN CCMPARESSION',.//) -
o INTSa

P2 FAAMAT [ LIX. ' STRESS 23X *STRAINT 7/
SARINTIS . (RFSTIT) . EPS{l).imtl N21F

13 "ECRMAT (10K . 10.%.20X,/812.6)
oD 1NTS G

L1 OORMAT (/770 108,  IN TENEION® w27
20 [NTST

47 FORWAT( 13X, *STIEIZ? 23X, *STRAIN® ./ /)
PRAINTSS . IFSCLI)LASCIT) almt oN2}

51 SonTIvUE
JOI=DD 1= (2w ThH )

TR LRI EL TP R R TELN AR doiVig Sagd L R R LIRS LAY RIS ERTIT AR R AL L LA SR _RETTEERLL Y]

OO AP ARPFUN—~ OGO ICBARLIN~Q O ND

LR NRRIINRNRN = e e e = QOO0

ERE B o9 (NTRA

T2 33 EoONAT I /77 00 2%,y " mE FOLLIAlNGS ARE THE QEQULTS * /277771

PRI IC "9 L AL

AR ol Rt

1T 1 (LL.EC.2) C T2 a0

hE IR IO INT A .

31l LY APAYAT [ 10X, *NON POSSTRESSED COLUMN® o/ /7, t0R ' SENDING “QmInT ! 5.
1'CURVATURE* o1 1 X, 'DEFLECTION? 10X *STEREL ~OMENT' . 8X, *IXTREWE * I1ARE
1+ 3% TXTAEWT m8OL)

J140 PR ImTA 2

-1 1

62 FORAMAT(Q2X P STRAIN(COMB, ' oK, "STRATMITENSL )Y , /77
LB A TSEnaANALYSIS CF NONPAESTRESSED SECTICN S as e s s de s nusnnaiscun dagsasagsrny

, 20 53 (Pm)|,.i%

[RA=[A«t

Ha [Rea, 300a

M CRmO . 003

20 &4 1Cs(,.13

CaC+OMCe

ULSTeC =®

’ [wa100

al
i

»

bl wiL SRR

-

MPUN—OOBNOAPUN~OOI O B b

o S e ek L R P T P

OO0V DUROVUULOVLOOUVLIVLUQ VU
EERRERLL S asbooﬁoouuuuuuuuuuaob’o009

UoOOLLULOD
P T T
AsUN~008 N

CALL COMPIL(R.C. AP XMy (M, [RLTL.X52.8)
{FIOAB S XP+2) K .0.17 GO TO 62
ClaCe{{.Q1®C)*>.001)

CALL COMAILIR.CL.XPS . XM, (M. [R.TL,X352,E)
DELw(XPS=xP I/ C1—C)

DHCRu({ P=xP } /DEL

CONTINUE

JTAtIRa wd( 1)

S5TA(IRR ) aEL{30)

CALL OFLECTIXP XM OTA R . CohkKsEMOM, TL . IMy [RV . EM,OK N, RO}
ID1{IR e+ )mwOTA

IPL{((Re1)ma

IML(IRe] JexH

IS1(iRe))uwxs2 )
PRINTOT.IML(IAR), IPI(IARI,IDI(IRR)}.IS1{IRR) ,ATR([ARY . STO( [RA)
PORMAT { 10X+ 1 Qa8 e lOX P ID8+ 10X F10a8,10XF10.4,2110XF10s81))

COnTINUE
G0 TO &8

CoresetaaasANALYSIS QF BSOESTRESIED SECTIONTSAASE S IN4ESSS S Ew SR ASSGUERE ol &6 oW vE e e e

00 A9 [MmN3ITA.INC
<=001

oo ro (Rel,.13
AwlRAe. 3004

ANMCReg .20

e ICmia 13
CoCeOMCH

VLI Teg =2
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LEvEL ZL . A In DATE = A1333 19/7009/711

CALL COMPIL (R .CoXPl, XML, [Mo[R.TL, XAS2.F}
IZ(CABS{RP1-&) . X ,0,5) GO TO 72
ClaC+({0.01l®C)*»a321)
CALL COMPIL(ReC2+XPAXMA, (Mo IR TL.X32.E)
DLW YBa=P |1/ (52=L)
INCOw{ -0 ) /O >
71 CANTINUE
r2 CONTINyE
STCUIvM, IRImM( )}
STTU I, to)wd (3
CALL SALECTIXP oMl DT 1.0, CukMENDON . TL LMD, V. E M DN, AT )
IFLIMEGL) SQ TQ 72
(Fiiv.20.2) GO T2 7a
tELIe.E0.2) 2D TO Te
[(Frluw.gC.a) 22 ™) 78
LSS TR s adan v DRESTOESSED COLUMN B ITH 35 TENOONS A ul Ae e e s e s e e A ST SR SR AS NS 388w
TACI I, 19 ) mSTRG '
mCQT( 1w, 2 )msTQT
Flam{ %, IQjasTaw
CHOTIR L imxmy
IO | ImA
F52(i1Re1)axs2
ID2{ IO+ 1 yuwDTT( 9
=0 "o rr
CustvesscnanOREITORSIED COLUMN ol TH & TENDONS s dsananaussaatsnasaddsagd tas tnnaen
bd- I3[Rl )mxwy
IPJ(IR«1)=mA
23300« 1mxl2
DI IRSL}I=OTTL &)
FCOC(lw.[R)msTRC
MOQT( 1%, {Q)I=4TaT
“goraory
Corenecaanwrd0€GTIATS3E0 COLUMN 4l TH J TINDONSretranast i taeu IR sseRUSRa FaS S San ke N
v IMAf e Imwu] -
MEFEEE-ER T
w3 lldrljmai2
IJ40 TR+ YmOTTL )Y
fORC{ 1w, T ymg5Tac
OOT(Iw, [2rmgTY
Fagutiu,aiw5Tau
sCc o vy
CoecnranssalDRITOESSES COLUMM #[TH 2 TE NS It st i en e e s res e rIusasse SU SRR NN 4T 59
SHTITTe Ny
MAIBLESRE T
(I Te ) wus
I0StiR«1)apTT{2)
FQRC( W, [A)msTOC .
FCRATI[ %, [R)I=sTAT .
20 TQo rTY
CrasssarsansssSAEITAESSED COLUNN wWITH | TANGONS SEESoac uulr SHATE A S BS AAST S buaan
T3 MO {IR+ 1 ImxMt
IPa{lR+11mR
134012« 1mx32
ZDO{IR+1 )=OTT(1}
FCAM{ (W, [A)=aTRM
Tr CONTINUE
rQ CONTINUE
89 CONTINUE
an CONTINUE
39 CONTINUE
[w (Rt
00 780 wmm3TA.[INC
[Fi{X.EQ.3) GO TQ 79
IF{K.EQaa) GO TO g0
TFId.EQ.3) GO TO a1
IFIXEQ.2) GO T B2
PRINTES
33 FOAMAT (///+19% *PAESTRESIED COL = 1| TENOON® ,// . LO0X,. " SEMDI MG MONENT
1' 80X 'CURAVATUAE® . LIX,*CEPLECTIONY o 10X *STERL wOMENT! . ///)
ORINTEA ,(IMO( AR} I™G(IAR) . ZDG(IAA . I36(IAR),{RARZ. [}
£l PORAMAT( 10X eF10.4s10XeM10s8:10XemM1028.10X0M1004)
>R INTES
53 FORMAT (//7/7,10Xe "STRESS [N* L 1IX"EXTREME AIBAL® .4X,. ' TXTREME FIoRE"
)
29 INTIS }
L) Fonu«;'rtlox.-c.-_n'rngg TENOOM® . 8X + *STOAIN(COMP 1 * 84X, *STRAINI TENSL)
LY




MORTRAN IV § LEVEL

224
02a7
22e8
ITe0
2230

J231
1252
2293
Ja3a

229
R 1]

33T
1254
239
1260
1261

262
eb-L 3 3
J1Z26a
L2063

206
A2a7

ar

a2
na

Q0
1
2
33
L

Y4

s
20

T

38

10

el

130
131

192
193
r9

Los

tes
100

107

i0n
9
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21 AN QATE = 31333 L9709/ 1t

ﬂﬂlNTS?.(FﬁnM(K-IHR!.STCIK.IGRJ.sTT(K.fﬂRl-!ﬂn-:.tnl

FonuAfflox.ﬁlo.c.zcx.ﬂ:o.&.tOx.rto.51
GO TO asm
o] INTAG
FORMAT (///410X, *POBSTAESSED coL - 2 TENOONS? o/ /7, LOX, 'MEND (NG ) TN
lT'cHX-'cuRVATUHC'.lll-'DGFLECT!ON'.IDX.'STEEL MOMENT ', /1)
DﬂlNTQa.tZUS(lﬂﬂl.ZOQ(tPQI.ZDS(Iﬂﬂl.:SS(labl.iﬂq-Zol*
'9“'471lDK-FlO.‘.lO!-F:0.6.lox-Flo-o-ldx.PlO.si
Pg INTR Y
'QE”AT(III.tOIc‘ST'ESS IN*,1JX.*3TRESS lu-.;:x.-cxrng«e FIARE*, 60X,

2T RTOCUE FiAqQE:r )
2R INTS2
-99~Artxox.'ccun.r:uoch'.|:x.'7!~s.re~oc~-.6:.-<?DA1~(CQ~D.I-.

BOX L RTCAINITENS I /1)
Dntn?@:.(?ﬂkCl(.Inﬂl.FOQT((.[PH).S?Ctxotﬂﬂl-S??tt.liﬁl.:RR-l.lﬂl
ﬂqanqr:10:.!:o.a.xox.lla.a.xox.ﬁ:o.o.tox.Fta.bl
G2 Ta As
2R INTOs
TRAMAT [//7,10%, ' DORSTRESSED CCL - 3 TENOONS! o //u 13X, "MEND [NC wQuEw
lf'-ex-'CURVA?UGE'.IEX-'D&FLECT(ON'-lcx.'STEEL MOEMENT VL s s/
DQTNTﬂﬂotlhhlIRR!.Z’Q(IRH!.ZDAI!PHD.ZSAIIQQJ.IQQ-Z-ll
'dﬂlnTtlox.F:o.A.;ux.Flc.a.lax.r:o.a.tox.llo.41
eQ [NTA
FORWAT (///.102, *STAESS [N*+ 1 IXN."STRAESS ImM¢,11X.*STIFSS IN® X, Ex

CTREME AIBAES ,Sx, ' ExXTREWE # M)
o INTS T
'OR“AT(:GI.'Ccﬂﬂ.rENOON'-:IX.'CENfRAL TENOOM® LOK . ' TENS . TENOON , OX

l-'STﬂAINlCDMQ-I'.Sx.‘STﬂA(N(TENS.!'.//!
Dﬂ!HTQS-lFQQCI&-IRR).FGHN(K.IRRl.FOHf((.Inal.STC(K-IRRI.STT!l-Iﬂﬂ

1}. (AW . TR}
FG“AT(lOK.FlO.O.IOK-FLO-G.lOX.FtQ-l.le.FtO.o.tOR.FIO-ol
S0 TO as
P2 INTRQ
TAANAT I/ 7/, 19K, *PQES"ONSLRD CCL - o TINOOMES LS/ LKL IO NG e ey
xf'.ax.‘C;nvnrunE‘.:l:.'DE'LECTicH'-::l.'STffL MOWSNT Y, s
JQIMYIOO-(xvltIDD!.:°3frﬂﬂl.:DJIIDDl.:TH‘:901.133-:-1?
'::vAT(lau.rta.a.lcx.Ftc.o.lux.Flo.o.xax.rla.xn
I Tt
FORMATI/ /7 19K, STTES INTLIJXRWPSTRESS [N, 130, 2470y FIsRE ', 102

v, EXTREME Fl{uneEs)

29 (NT1 92
'CR“A’(1Jx.'::“°.'ENOCN'-BK-'TENS-*ENUON'-HI.'S'QAINCCC“°.I'.

PLOX ' STRAMINITENS ()¢, 07
°RINT1OJ-(FOPCIl.:ao).FOﬂTIK.IDD).STC!(-IDQ!.S?’€K.IDH‘-I“H-I.Iﬂl
Fcﬂ-Afl17:.‘1:.4.5:.F1:.4.10:.F:3.o.::x.=13.or
S0 TQ 4@

PR INTL Y4
”Onhlf(//f.lox.'DHESTQESSED CCL = 3 TERDGNS® ./ /v 10X. a8 [ NG MO mEN

IT'oe!.'Cuﬂvnfuﬂ!'.ll!.'OEFL!CT!ON'-lO!.'S?E!L MOuWENT*, £ 2/
9nthlOS-(ZM2(lRﬂ).z’zlxnﬂ!.ZDRI[ﬂﬂ)-l$2(lﬂal.lnﬁ-a.l)
'Oﬂﬂafilcx.!lc.d-zsx.ﬂ1o.o.Lox.rlo.A-aox.!xo.s)

SR INTI 00

FOAWAT (//7.10X. *STRESS IN® 1 Jdx,*4TRESS [N llX, STAESS I IR B SN 51

PTRE T NIBAE’ 3K, CXTRE vt FiBnRE*)

22 [MTIQT
’Qﬂ“ATfIO!.'Cﬂnﬂ.?ENOGh'.ILX-‘CENTHAL TENOON® 6K + ' TENS ,TENOON® , OX

'-'!Tﬂ‘lnﬂcoﬂﬂ.)'-SX.'STQAING?ENS.)'.I/l
’QINTlGu.lFQHC!K.lRﬂ}-FOQN(K.IRﬂ).FOHY(K.IRR!.STC!K.tﬁﬂl.STT((.tﬂ
LY, 1ARwL . TR}
FURNAT(tox.!l0.4-lox.F10-4.lOX.FlO-4-!0!.!!0.0.10!-’10-6!

CONTINUE
CONTINUE
CAaLL CALchtZﬂt.zxx.:o.-l.a.o.o.c.a.o.o.oaoa.o.o.:o.a

+1elo040)
AL CALccallﬂtolitvle'O-d-ﬂ-G-O-O-O-OoQOOG.0-0-50-0-1-2-3-3‘
CAaLL CALCBJIZ?Z-ZN!.10-10-6.0-6.0-0-0-0-OOOB.O-D.S0.0-I-Z.O-O!
CALL CaALCE) IPZ.ZSZ.IG-O-E-C.O-OoO-O-0.0DOB.0.0.50.0-1-2-0-0!
CALL CALCOX I’S.ZIS-lO.lO-BoO-Q-O-O-G-O-OOOG.O-O-SQ.Q-I.J-O-OI
CALL CALCCJCZPJ-ZSS-KO-D-ﬂ-G-O.D-O-0-0-0000-0-0-50-0.1-2-0-0!
CALL C‘LCCJ(Z"-ZN‘,IQ.l0-0.0.6-0.0-0-0-000&-0-0.SO-Ovl-!-O-Ol
SaLL C&LCBJ(ZP.-ZSA.16-0-8.0-6.0.0.0-0.0005.0-0-50.0ol.2.0.0}
CALL CALCCB(ZPS-ZNSolO-lO-Q-O-o-O-O.O.O-0008.0-0050.0-1-500.01

CAbL CALCCJ‘ZPS-ZSScl6.0-0-0-6.0-0-0.0.0000-0.0.30.0-l-2-0.01
CALL C‘LCQJ(Z’O-ZHQ-IbnlO-G-O-b.O.O-0-0.0008‘0-0-50.0.l-0-0.0}
CaLL CALCCJ(ZQQ-ZSG-16-0-6-G.0.0.0tQ-O-OOO0.0.0.SG.O.l-J-O-Ol
caLL CALCDJ(ZDI-:Nl.léolO-a-O.o.n-0.0.0-25-0.0.50-0.l-1.0.3)
CALL CALCGJ(IDZ-Z‘?-16-I0-8-0;6-0.0-3.0.25-0.0.50-3-1.2-0-0!
CALL CALCU!(ZDJ-Z“J-16.!0-6-0.6.0.0-0.0.25-0.0.50-0-1-J-O-Ol
CaLL CALCCJ(ZDI-Z‘A.16-10.8-0-6.0-0-0.0.25-0-0.50.0-l-6-0-0}
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Iv & LEveEL 21 MAIN

OATE = 21333 197
CALL CALCO3(ZO0SeZM5410¢1048.0+5204000404254000:50+04+1:5.0.0%
CALL CALCOI{ZD64ZM6: 1841048402020+ 0+020:2%500+0+5020,1+6.040)
MO vEm1LQ
CALL ALTEND(10.0)
STOP
END
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TORTAAN IV G LEVEL LT MaA TN DATE =
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g
=1-1- B FUNCTION PRIT(EAR.FOR . EPPR FYO.N1)
¢ '
C THIS SUAPROGRAMME CALCULATES PRESTRESSED TCNOOM STRESS {XS51) #AQR A
Lo PAATICULAR STAAIM
<
[
002 IMPLICIT REALSS (A=m.O-v)
2003 DINENS IQN FER( 20 ,EPOR(20)
LE-T-TY COMMON/AREAS/YHOAD  EvS, [ TYo
20093 =2
Q2064 I[F{EPQ) 3t.32.32
007 3 EPRm=-gpPR
-1e1-1.) L33}
o099 J2 tF(EDQ,EYS)JJ-Jﬁ-JA
2019 la PAITENm YDa(—1.0) o .
Qo1 A TURN .
g2 33 IFCITYS . 8Q.1) G0 T@ 3T e
30t3 090 19 ~m2.N1
Q0ta LF (Moo [w)=8PR) 1Y, 23,3¢
Qo1 I3 CANTINYE
23tA s 2QLTE( =, )8 {FPR (N}~ (FRI(NI—FOQ{N=1 ] )s{fPC
2 EPOR{N)-EPPR{N=11]}
9017 <O 9 Ja
gois 37 PRSTE( (=Ll.) *eK ) s YMARSE PR
3219 b1} 2T TUAN
2022 END
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SIVENSIGEN FC(T) . AC(T)
ECCreme AL

IF{EAL 13738, 238

FCIwD.d

2 T e

IF(BCON.CELEO) GE TO &0
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TUMNCTION FSTLJ(E(Q-S!-EA.FS-:PS-EPL-NZ-FSC.ESC!

THIS SUBPATERANVE CALSULATES Tre 3TAKSS Ox STESL Tyuag mpg o
CARTICUCAR STRAIN (st

IMALICIT ARAL®S(A=wm,O=Y}
INTEGER Tyom,Tyoe
LCwvCN/ AARAR/TYDE, TYDC

(;'?NSKCN FS(ESI-EPS(ZS!.FSC(ZSI.CSCI:SI
-

(BI9)at,al,a2

L8]

L

[P X33

”~
ia
[TeEl o
T a2
Tu=ftq

(SIT=2PL) as.a9,a%
TLInSEei{a) . J)wnuy
TURHN

{
[4
{

nng

WO HANN R

TYoE fq. 1)
TYRC.EQ. 1L
K1+8Q0a11
A5 ~NEQ N2
(EPI(NI=EITIAG 48,47 .
ONT INnUE

'STLJ-(-l.)--tl-(ﬂstnl-tﬁstnl
#lN=L)) )

GO T %4
FSTLJ~([~;.JU¢K:!¢EA-CIT

L Sa¥- 1V

0 AL tw2, N2
!'(ESC(I!--I?1QI-QI-52
CoOnTINUE
ST (=1,
ESCII=111)
RETUAN
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