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ABSTRACT

This thesis is concerned with an experimental
investigation of the effects of initial prestress and slender-
ness ratios on the ultimate load carrying capacity of spirally

prestressed concrete columnse.

The experimental investigation was carried out on
6 inch dismeter concrete columns. The program was divided
into series A, B, C and D with slenderness ratios 16.6, 25.4,

37.05 and 49.4 respectively. Series & and B were made of

' plain concrete, while series C and D had longitudinal rein-

forcing of L - #3 vertical and #2 ties @ 6 inches c/c.
Lateral preé%ress, which varied erm.20% to 60% of the
compressive stress of the concrete was applied by méans of a
high-strength pisno wire of 0.031 inch diameter. Details of

fabrication, materials and testing are discussed in Chapter 3.

It was found that an increase in initial spiral
prestress increases the load carrying'capécity of columns,
but the column capacity decreases with an increase in slender-
ness ratio of the column. Increase in initial spiral prestress.
showed considerable effect on the elastic behaviour and

durability of the column.

Spirally prestressed concrete columns behave in a manner

‘similar to plain concrete columns, and can be analyzed in the
same way using the ultimate triaxial concrete strength in place

of the cylinder strength.
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NOMENCLATURE

Area of concrete (Sq. In.)
irea of longitudinal steel reinforcement (Sq. In.)

Diameter of concrete column (In.)"

‘Ultimate (unrestrained) compressive stress of
~concrete (psi. or ksi.)

Ultimate (unrestrained) compressive stress of
motar (psi. or ksi.)

Allowable stress in longitudinal steel
reinforcement (psi. or ksi.)

Empirical coefficieﬁt; increase in ultimate load
due to lateral prestress.

Efficiency Ratio, equal to increase in load due
Lo spirally prestressed reinforcement divided
by the load taken by the seme amount of steecl
if used as longitudinal reinforcement at the
same stress.

Ratio of area of longitudinal steel reinforcement
to the gross area. : :

s _ Long column load
Ratio = Short column load

Tension in the wires per inch. (Number of wires
per inch x tension (in lbs.) in each wire)

Poisson’s ratio.

Empirical coefficient dependent on slenderness

ratio.




61

61
ultimate

63

=~
“3n1timate

in.
Kips.

Keseio

i

(H

_One thousand pounds.

. Pounds per square inch.

Maximum axial stress (psi. or ksi.).

Total uvltimabte stress of spirall prestressod
concrete specimens (psi. or ksio

Lateral pressure on concrete, (psi. or ksi.)

Total uvltimate lateral stress on specimen due
to regtraint of spiral prestress wire (psi. or ksi.)

Inch, inches.

One thousand pounds per square inch.

Micro (i.e. 10"6)
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CHAPTER_1

INTRODUCTION

It has long been known that cohcréte laterally
constrained in some manner can withstand larger stresses and
deformations compared to the sane concrete in ité unrestrained
state. This type of stress conditicn is often called a

.. ,
”Triaxial state of stress'.

The practiéal use of lateral stress to increase the
axial load carrying capacity of members has been wide spread in
spirally tied columns and pipe columns, The lateral stress in
these cases is created as the concrete is loaded and it tries
to deform lateraily due to a Poisson effect. This dilatian is
réstrained'by the spiral or pipe respectively and hoop stresses
are developed in the steel, thus laterally stressing the con-

crete.

For both pipe columns and spirally tied columns; no
lateral stress exists until lateral deformation occurs; thus

this could well be defined as passive lateral prestressing.

Many investigations have been carried out into the
triaxial behavicur of concrete using & constant laterzl stress
provided by a fluid under pressure. Nearly 211 these investi-
éations were concerned with finding the failure strength of
triaxially loaded concrete rather than the load deformation

characteristics. All theoreticsl investigations have assumed
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some variant of the Coulomb Theory of slip occuring on a
failure plane through the cyiinder which gives an expression

of the'following type:
. { ’ '
KaXial 2 fc + K'(lateral 'ooooeoeooeoobooo(lol)

The constant K varies in the range 2.65 for light

weight concreté to nearly 6.0 for very dense concrete.

Usually a value of 4.1 is used for normal weight concrete.

As lateral stress dramatically increases the axial
load capacity of concrete, it is logical to consider actively
prestressing the concrete by wrapping the concrete with wire

under tension.

Several investigators have reported experimental
results on short columns {cylinders) wrapped with high strength
wire under tension, which have shown the validity of this

line of reasoning. ;

In practice, however, failure of any compression
member is due to mixture of material crushing and'iﬁstability.
To date some work has been carried out on long spirally

prestressed columns which has shown increased axial load

capacity.

Currently (1969), there are no provisions for the
.design of spirally prestressed columns in either ACI (American

Concrete Institute) or NBC (National Building Code of Canada




17

1965) codes. Unfortunately, not enough experimental data is

available on which code recommendations could be based.

Practical application of a high-strength compressive
unit to many important types of engineering structures is
entirely feasible. One of the great handicaps of the rein-
forced concrete frame building has been the large diameter
needed for thé inside column of the lower storieé. In many
cases, a reinforced concrete frame building has been decided
against in favour of a steel frame tuilding for this very
reason., It is possible that the inside column diameters for
the lower floors can be made as small as, 5r smaller than, those

of structural steel using spirally prestressed concrete colunns.

In many structures, compression members are common.
Therefore, it is logical to conclude that soomner or later, with
the need for economy, such a method of spirally prestressing

must be developed in detail.

This investigation was to determine as accurately as
possible; the effect of latersl prestressing and slenderness

ratio on the lecad carrying capacity of concrete columns.
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CHAPTER 2

REVIEW OF PRIOR STUDIES

Up-to-date published relevant research work is

preéented in this chapter in two sections:

A) Experiments Using Fluid Pressures.-

B) Experiments Using Mechanical Restraints.

A) EXPERIMENTS USING FLUID PRESSURES

Considere (15), 1902, investigated the effects in
triaxial loading on mortar. From the results of compression
tests on mortar specimens, cylinders of 11.8 inches in diameter
x 31.5 inches long, under pressure'in a water mediwm, Considere

formulated that,

1l

Gl = 8efy + LB G 5ee0reicancenaracaaa(2.1)

Where, 61

f

Maximum axial stress.

a = Varisble increasing with 6§
from 1.0 to 1.5 in value.

f = Ultimate (unrestrained)
I mortar compressive stress.
5§ = Lateral pressure.

Extensive studies of concrete under triaxial stress
were made by Richart, Brandtzaeg and Brown (48) in 1928. In

the first group of tests, the two principal stresses produced




by the liquid pressure were smaller than the third principal
stress. In this series, sixty-four, A.inch diamefer X 8 inch
long concrete cylinders were'tested in three-dimensional
compression. The second group included the tests of forty-
eight L inch diameter x 22 inch concrete cylinders in three-

dimensional compression, the two principal stresses normal

to the axis of the cylinders being larger than the axial stress.

The concrete strength ranged from 605 psi. to 7,300 psi. The

principal stresses normal to the axis of the cylinders varied

from 3,200 psi. to 6,910 psi.

From these studies the authors concluded that the
lateral pressure increases the load carrying capacity of the
cylinders. ' This increase in strength was independent of the

proportions of the concrete mixes.

Test results were presented in graphs showing a
straight line relationship between the axial failure stress

and lateral stresses.

- The authors concluded that the following linear
equation was a satisfactory approximetion in predicting axial

ultimate stress:

|\

. I . . ) .
51 fc +l+ol 5300010000009000000109(20-',A3

it

Where, 61 = Ultimete maximum axial stress.

fe

Unconfined compressive stress of
concrete,

62 = Lateral (fluid pressure) stress.
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Balmer (5), in 1949, studied the failure of.cbn~
crete under triaxial compression with lateral pressures in
the range 0 to 25,000 psi. and with corresponding uitimate
axial stresses from 3,000 to 86,000 psi, The lateral pressure
was first applied and held constant while the axial stress
increased until the concrete failed. From the tést results, -
it was concluded that at low lateral pressures the inecrease in
axial strength~was about 6 to 7 times the lateral pressure but
at high lateral pressure was only 3 times. The axial deformation,
at failure of the specimens subject to large lateral pressﬁres;

was several times greater than that for specimens subject to

small lateral pressures. All cylinders were 6 inches in

diameter x 12 inches long.

Akroyd (1), in 1961, studied the failure of concreote
under triaxial compression with lateral pressure up to 10,000
pSi. ﬁsing 3 inch diameter x 6 inch long cylindrical’speciméns.
The testing prccedure and conclusions were similar to those

of Balmer (5?. By conducting drained and undrained ‘tests,

- Akroyd, determined the effect of pore pressure cn the triaxial

strength. These tests demonstrated that saturszted concrete
behaved like a material which did not possess the property of
internal friction, when tested triaxially under conditions of

no change of water contents.

Chinn and Zimmerman (14) (59), in 1965, extended the
work of Balmer. All tests were performéd on 6 inch diemeter x

12 inch long cencrete cylinders. The orogram was divided into
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wire to increase the pressure of the fiuid that can be . carried
.has been used for 3 long time. This technique vias .reporied
in the papers by Anon (2), Crepps (16), Crom (17), Doull (20)
and others. All methods used mechanical means of vrapping the

wire about the pipes.,

\

Relatively little research has been carried out on
~the idea of wrapping s concrete column to increase its axial
load carrying capacity. The work known to the author is

described below.

- . (1 ) | . i
In 1902, Considere (15) published the results of his
researches on reinforced concrete. Considere carried out
experiments on reinforced concrete, hoop reinforced and

restrained conecrete and restrained sand.

Considere prepared a number of concrete specimens
with varying amounts of hoop reinforcement. The hooped specimens -
initially behaved in a similar manner to un-~reinforced specimens.,
However, the hooped specimens carried, without crushing of the |
concrete, much higher loads than the unhocped specimens and
only failed after extensive cracking had become apparent and
large deformations had occurred. Furthérmore, the hooped con~
crete showed no droﬁ off in load withkh deférmation, exhibiting a

Plastic type of behaviour.

Considere also noted that the ductility of concrete

was much increased.
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Richart, Bradtzaeg and Broun (h9), in 1929, extended
the study of Considere by doing research on spirally tied
colﬁmns. The failure loads of spirally reinforced colunns
(cylinder) were compared with unreinforcedhcylinders. These
results showed that the failure stress of hooped concrete
could be predicted using the triaxial stress equatibn if an

equivalent lateral stress due to the hooping was used.

. . ) i
d = fc + I{ (fBCt-ooouovoooononeooooo.(dez)

The magnitude of K was L.l.

Maney (43), in 1944, carried out an investigation on
triaxial compression of concrete columns. Short cylindricel
columns with diaﬁeters varying from 2 inches to 8 inches were
used. These qolumns‘were confined laterally with combination
of steel sheet liners of 0.037 inch, 0.0LL inch and 0.285 inch
thickness and spiral reinforcing of O.i65 inch and 0.500 inch
diameter on the top of steel sheet liners. The prestressihg in
_the'spiral'reinforcing was achieved by bompacting the cylinders
with high preséure thus straining thé steel liners. All the
.concrete cylinders were tested to failure. The author concluded
that by this method of carrying compressive load through the
lateral action of a épiral in tension, the compressive load
Capacity of a pound of steel could be increased by at least 500
per cent and the cost of the structure could be reduced to 1/3

that of steel structures.

. 35) . . . '
Johnson (’5/, in 1950 carried out an experimental

investligation of spirally prestressed short columns, 3 inches




in diameter and 12 inches high. Prestressing was achieved by
wrapping wire around concrete columns by means of a lathe. The
wire was wrapped in tensioﬁ by feeding it through two sliding
plates. The force in the wire was re:. by means of a spring-

scale,

A total of 135 samples were cast, 27 wére of plain
concrete withouﬁ»any reinforcing, while 108 sampleé vere
spirally prestféssed. The compressive stress of the cohcrete
ranged from 3,470 to 4,870 psi. Three wire sizes, 0.0317 inch,
0.0475 inch and 0.0625 inch diaﬁeter were used with piﬁches

of 3, 5; 7 and 9 wires per inch. Initial tension in the wires

was 10,000, 505,000 and 100,000 psi. producing lateral stresses

- in the concrete of 300, 1,500 and 3,000 psi. respectively.
All cylinders were tested to failure. The author concluded
that all spirally prestressed specimens showed higher load carrying
capacity thean their unpresﬁreséed counterparts. The increase in
load carrying capacity veried directly with the wrappings per
inch of the.gpiral, and in proportioh to the tension applied to

the Spiral.

The magnitude of K in the equation (2.2) was calculated
using the experimental value of 61s fg and<f3and found to range

from 3.60 to 5.77.

Johnson reported some difficulties in his experimental
procedures. It was difficult to check the tension in the wire,
when wrapping, because the speed of rotation of the lathe

. .. 1,
ereated vibration problems. There was failure of 'end grips in

testing the cylinders.
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Gambarov (2“), in 1961, reported.as research program
on columns prestressed by spirally wrapping with wire under

tension.

His project was based.on round columns, 53 inches
in diameter and 313 inches long. The prestressing wire of
0.1 inch diameter was used with initial tensions 'in the wire
of 7, 108 and ;84 ksi. The author concluded that all the
spirally prestressed columns had a higher load capacity than
their unprestressed counterparts., This increasé which was
generally greater with a large percentage of spiral prestressing

was influenced throughout by the slenderness of the specimen.

Feeser and Chinn (22) (23),"in 1962, reported experi-

ments on spirally prestressed concrete columns.

Prestressing was achieved by wrapping wire around
concrete columns by means of a lathe. The wire was fed through
a friction-plate device and the tension in the wire was measured
by a strain-recorder. The friction-plate device was ca;ibrated
for various tensions in the wire. Thirty-four, 3 inch diameter
x 12 inch long spirally prestressed cylinders were used in this
study. The average 10 day unconfined compressive stress for the
concrete mix was 5,230 psi. The variation of concrete compressive
stress was ¥ 9%, Twé sizes of wire were used, 0.0540 inch and
0.0595 inch diameter. The cylinders were wrapped with pitches
of 1/16 inch, 1/10 inch, 1/8 inch, 1/6 inch and 1/l inch with
initial tensions of 10, 100, 200 and 300 lbs. per wire. The

t
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initial lateral pressure on the concrete atbsined with these
wrappings ranged from 27 psi. to 2,133 psi. 411 the' wrapped
cylinders failed when the wire broke. The lateral pressure at

ultimate ranged from 1,533 psi. to 6,120 psi.

The equation for predicting the ultimate stress of

@ wrapped cylinder is given by,

61 = 1::' ‘}" 3|818 530000ooaooocu'eoo‘oo000(243)

It was 2lso shown that the stiffness of the éylinders
can be increased by increasing the initial tension in the spiral
prestressing wire. However, the intial tangent modulus of all
laterally prestressed columns was less than the initial tangent
modulus of the plain concrete. It ﬁas also concluded that the
ultinmete stress'of the cylinder was independent of the initial
tension in the wire, and dependent only upon the lateral confining

stress in the cylinder at failure.

Ben-Zvi, Muller, Rosenthal (9), in 1966, presented
considerablé~experimental data on the effects of trisxial

stress caused by circumferential prestressing.

Préstressing was achieved by wrapping wire around
concrete columns by means of a lathe. The wire was wrapped
under tension. Forty-four of 3 inch diameter x 6 inch long
cylinders were spirally prestressed with intial tension in

the wire of 7410, 92.2 and 163.50 ksi. The wire diameter was




0.040 inch with a pitch of 0.04L0 inch. Concrete compressive
stresses varied from 2,800 psi. to 7,450 psi. All the spirally
prestresséd cylinders failed by the rupture of the wire due to
lateral pressure exerted on it thfough the expansion of the
concrete. Six specimens of 10 inches in diazmeter and 100 inches
long were spirally prestressed with a steel wire of'Q.Z inch in
diameter and pitch of O.4 inch - 0.8 inch with initial tension
in the wire of‘99,h00 psi. Concrete compressive stress for all -
cylinders was 4,260 psi. These columns were &lso prestressed |
longitudinally to take care of handling énd trensportation

stresses. All the spirally prestressed columns in this series

failed by buckling and rupture of the circumferential wire.

Another set of 3 inches in diameter columns, 2 feet, 3 feep.énd
10 feet long were spirally prestressed in one and twé layers.

The wire used was 0.055 inch in diameter with a pitch of 0,067
inch and initial tensions of 7.1 and 163 ksi. All the wrapped

columns in this series failed by buckling.

The authors concluded that column capacity was
increased wifh an increase of initial spiral prestressing, but
decreased with the increase of tha slenderness ratic of the
column. Longitudinal prestressing did not reducz ultimate
strength of columns and had a beneficial effect on deformation and
transportation. An outer shell, if used, might increase column
stability and delay buckling. The shell would also protect the
spirél rrestressing wire against corrcsion and fire. For

short columns, the equation (2.2) was used and the value of
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K found to vary from 2.25 to 3.91. For long columns,; the
equation (2.2) was transformed to account for slenderness

effects to the following form:

61 = (:Q: + po:g’)‘}' PI{Q KBuooooooeoooooce(Zol}')

Where, F==Sl°nderness correction coefficient.
The value of PK varied from 0.15 to 3.52.

Martin (kb), in 1968, reported experiments on 17
spirally prestressed concrete cylinders A inches in diameter and
8 inches long. The cylinders were wrapped with steel piano
wire of 0,016 inch diameter in a lathe. The.wire was spaced
by passing 1t over a pulley atteched to the power driven cax ‘riages.
The pitch of the wire was 0.016 inch, 0,018 inch and. 0.032 inch.
Initial lateral stress varied from 140 to 1,48] psi. Concrete
compressive'étress was 6,490 psi. with a standard deviation of
357 psi. Tests were carried out on short-term loadiﬁg and
long-term.loading.' The author concluded that the large increase

in axial ultimate stress and axial ultimate strain of cylinders

. caused by spiral steel depended essentially on the lateral

ultimate stress that the spiral caused in the concrete. Very
high strength steel may be effectively used in spiral rein-
forcement. Departufe from elastic behaviour wes distinctly
delayed by prestressing of spiral wire. In axial compression
tests of spirally.prestressed cylinders, the value of Poisson’s
ratio varied from 0.16 at small stresses to more than 1.0 at

large- stresses during rapid loading.

3
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Two hasic behaviours can be observed from the previous

work which can be reported. as;

le Active triaxial behaviour where the lateral stress
is provided by the fluid in a triaxial cell or by wrapping the
concrete with steel wire under tension. Active triéxial.
behaviour is also present in pipe columns with expansive con-

crete,

2. Long column effects due to buckling are going to
affect, in some way, any attempts to practically exploit the

advantages of traixial behaviour.

_ Tn drder to study and to give a quantiﬁative estimate
of the effect of various lateral stresses and the slénderness
rétios on the ultimate load carrying capacity of the columns,
the présent author carried out the experimental inveStigation

reported on in this thesis.

This investigation was concerned with obtaining gbod
experimental~evidence of the variation of failure load of
spirally prestressed concrete columns with the magnitude of
lateral stfess and slenderness ratio. Fifty-six columns were
made and tested to'failure. The columns were 6 inches in
dismeter and had lengths of 12 inches, 24 inches, 42 inches
and 60 inches. Lateral prestresses of O, 960, 1,706 and

3,412 psi. were used.
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CHAPTER

—..__..N-.‘z

MATERTALS AND_TESTING PROCEDURES

General

The experimental program consisted of making a
number of coluwins of different lengths with various amounts
of lateral preétress and subsequent loading of these columns
Yo failure. The columns were laterally prestressed by wrapping

high-strength wire under tension around the.columns.

Before commencement of the large scale production

"of columns, several piliot tests were carried out which

verified the feasibility of the technique and allowed for

unforeseen difficulties to be eliminated.

The lateral prestress was applied by turning the
column slowly in a lathe, the rotation of the column drawing
the wire through a pair of clamped friction plates.’ The friction
plates were mounted upon a short column fixed to the'carriage

of the lathe and the force in the column was measured,

Concrete columns 6 inches in diameter were made with
varying lengths of 12 inches, 24 inches, 42 inches and 60 inches,
and were labelled as A, B, C and D series respectively. For

each series, four levels of lateral prestress were employed, the

lateral pressures being 0, 960, 1,706 and 3,412 psi. respectively.

Table 1 gives details of the number and types of the test columas.
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3.1 XNOMENCLATURES FOR SPECIMENS

Each specimen was designated for length, wires per
inch i.e. lateral stress, number of layers of wire wrapping
and a number denoting the specimen in that particular series.
This was the only way to distinguish all the specimens from

; esch other. Thus as an example;

LT

Ve

B. 18. 1, 2 gives,

T o

B = Columns 2 feet long.

} 18 =18 wires per inch.

17 = One layer of wire wrapping.

2 = Specimen number 2 out of three of the
same kind,

3,2 MATERTALS

e bt ttin, i ety

Concrete

SRS,

The concrete used in all tests was obtazined from
the Francon-Concrete Company, a local ready-mixed manufacturing
plant. The concreté was proportioned automatically by weight

and machine mixed. The mix proportion of the concrete is

presented in Table 2,




Lo

TABIE 2: MIX PROPORTIONS BY WEIGHT

Slump =3 jnches

Material

Weight per cubic
yard of concrete

Normal'POrtlénd Cement 615 lbs.

Sand (Type 1) 1,570 lbs. .

3/8 inch Aggregate 1,585 1lbs,

Water " 310 1bs,
Reinforecing

Lengitudinal reinforcing was provided for columns

in series C and D to take cere of stresses due to the self

33

weight of the columns plus the lateral load of the prestressing

wire while the column was supported in the lathe,

Nominal reinforcing of L - #3 bars in the longitu-

dinal direction and #2 ties at 6 inches centre to centre {to

comply with the National Building Code of Canada, 1965, require-

ment section 4.5.3.67 (2); p. 22) was provided.

The stress-strain characteristic of one of these

reinforcing bars is presented in the Appendix A.
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PLATE 1: WRAPPING OF SPECIMEN.




SPECIMEN:

L
(@)
©
=
o
o
<
o
>

PLATE : |




35

Wire For VWrapping

. "High strength piano wire of C.031 inch diameter was
used for spiral prestressing, The average ultimate stress
of the wire was 342,000 psi. The wire was tested in an 10,000
lbs. capacity "Instron” testing machine. The stress-strain

characteristic of the wire is presented in the Appendix A.

3.3 EXPERTMENTAL TECHNTOQUE

Wire Anchorage

However simple is the concept of wrapping of wire
around a cylinder, the practical détails are troublesome,
It was essential to have a device to anchor the wire at the
ends of the specimens.. This was achieved by passing the wire
between two mild steel washers and clamping them with a nut.
Details of end pilates and the general arrangement of these
bolts are given in Figure 1. Anchorage of the wire at the
beginning of wrapping was no problem. The wire was looped
around the bolt and was clamped between two vashers by
tightening the nut. The same operation was repeated at the
other end of the cylinders with at least two windings on
each side of the bolt before it was securely held by the

washers and a2 nut.

-

Preliminary tests on the intended gripping device
showed no indication of slippage. It is also interesting
to note that there was no anchorege failures in sny samples

during the tests.
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Wrapping Of Cvlinder

| A11 the wrapping of the cylinders was done by'means
of a lathe. The pitch of the wire was chosen to be similar
to the cutting threads of a lathe, and the tool carriage could
be driven at any given pitch by adjusting the set ﬁp of the
lathe. For the present experiment, the set up for 18 threads
per inch and 32 threads per inch was used., A wrapping of 64
wires per inch was accomplished by a double layer of 32 wires

per inch wrep.

Application Of Tension To The Wire

Abblication of uniform tension in the wire vas
accomplished by means of the device shown in Plate la. The
device conéisted of an Aluminum I - section, 2 WF 3.8 which
was fixed at the base on % inch thick steel plate. An aluminum
block, 2 inches x 2 inches x 1 inch was fixed on the top of
the I - secyion to support a volt and stainless steel plates.
The height of the I ~ section waé such that the wire coming
through the plates was tangent to and in the same plane as that
of the top of tﬁe concrete cylinders. At the base of the
I - section, SR-L, FAE-25-1256 type strain gages were mounted

with full-bridge connection.

The strains were continuously read by means of a

Budd’s-Strain-Gage Indicstor.




PLATE la:
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DETAILS OF TENSIONING DEVICE
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The tensioning device was calibrated, using the wire
from experiments, at the National Research Council Machine Shop

on a " Bertram” Vertical Boring Machine, Dundas, Ontario.

The wire was supplied on wooden spools which were
mounted in a dexion stand giving a smooth and continuous feed

of the wire to the tensioning device.

To avoid excessive heating of the friction plates and
thereby damage or change the structural prbperties of the wire,

a constant air flow was used to cool the friction plates.,

Because of the slow speed of the lathe (i.e. cylinders),
no vibration was experienced. A previous investigator (25)
reported a vibration problem during the wrapping process. Slow
speed and smooth plates allowed uniform tensién in the wire

throughout the operation of wrapping of cylinders.

The tensioning device was bolted to the tool-carriage.

3.4 FABRICATION AND CURING

Fabrication

All the columns were cast in sono-tube-moulds.
Sono-tubes were cut to the required lengths from pieces & feet
long. Good care was taken to make sure that the ends of the

tubes were parzllel and plane.

A steel stand wes designsd to accommodate 12 moulds

at a time and hold them vertical while casting.




a) WRAPPING SPECIMENS OF C- SERIES

b) WRAPPING SPECIMENS OF D- SERIES

PLATE 2 : WRAPPING OF SPECIMENS
(C 8D SERIES)




To enable the columns to be held in the lathe while
wrapping and to provide end plates to load the specimen
uniformly, steel plates were cast into the column af each end.
Gréat care was taken to have the centres of the end plétes'
in the centre of columns, It is obvious that any discrepancy
between two end centres would have created 2 problem in turning

as well as in wrapping of the columns because of wobbling.

Particular care was taken in attempting to compact
the concrete uniformly and to provide equally complete com~
paction for 6 inch x 12 inch control cylinders. Compaction
was achieved by rod-tamping according to the procedure outlined
by C.S.A. standard A.23.2.17. All the columns of a particular
- series and the associated control éylinders in a series were
cast at the sazme time and from the same batch of concrete mix

to ensure uniformity.

Curing

Affer casting, specimens were covered and left in
the form for 12 to 18 hours. After stripping the forms, all
the specimens were cured vertically in the curing rocom at
the Francon Concrete Manufacturing Plant for a minimum of 15

days.

The specimens were teken out of the curing room and air

dried for at least 7 days before wrapping.
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PLATE 3 : CASTING OF SPECIMENS (cabD

SERIES
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3¢5 TESTING PROCEDURE

Instrumentation

Longitudinal and circumferential strains were
measured by electrical resistance foil type strain gages,
5 mm. gage length, type KF-5-C~11l, Kyowa. Three~16ngitudinal
and three circumferential gages were bonded to the outside
surface of each wrapped specimen. An epoxy material was
applied over-the piano wire to provide a base for the strain
gages. The gages were located 120 degrees apart at the mid-

height of the specimen.

The lateral deflection of the columns was measured
at mid-height. The pilot tests showed that when the wire
ruptured, the broken ends of the wire whipped about. 1In this

type of failure, it was dangerous to try to read the deflection

by means of dial gages. Three 8 inch long cantilevers, spaced |

at 120 degrees apart at mid-height were used to measure the
lateral deflection. Any deflection was measured by strain

gages at the base of the cantilevers.

These cantilevers were calibrated by applying a

known displacement to the cantilevers and measuring the strain.

Testing

Each test specimen, spirally prestressed or other-

wise, was loaded axially and concentrically to failure..
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All specimens were tested in a hydraulically
operated 600,000 1bs. capacity Badwin-~-Sowthwark TateTEmery

Testing Machine. Loads were applied through spherically-

 seated bearing blocks at the top and bottom of the columns.

Initially, the specimens were loaded to approximately 5,000

Ibs. to facilitate levelling and centering operations.

All deformation measurements were made at essentially
equal load increments of 10,000 1bs. for wrapped specimens

and 5,000 lbs. for the unwrapped specimens.

Tests on most specimens were run until the specimen

failed by burgting of the wire wrapping.

Strain readings were recorded by a"MulticHannel
Digital Strain Indicator, 161-Mini-system, Programmer P1237,
B&C Ipstruments IncJ’ with automatic strsin Printer. The
use of automatic strain recorder allowed readings of all‘the

strain gages to be completed vwithin a few seconds.
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PLATE 4: DETAILS OF SPECIMEN TESTING SYSTEM
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CHAPTER 4

THEORETICAL CONSIDERATIONS

Lel Analysis Of Wire Wrapped Concrete Cvlinders

Figure 3, (a), (b] shows free body diagrams for

the concrete and steel wire.

By equilibrium considerations across a diameter over a

unit length,

({BXDz?,T
N 2 .
- ) 63;:“5_ DO..OGOOO0.00»OO(06000"0000.06(401)

Thus if the tension in the wire is known, then the

equivalent lateral stress on the concrete is known.

L.2 Behaviour Of Concrete Under Triaxial Stress

Figure 3, (d) shows concrete under triaxial

compression.

It is generally accepted that the failure condition
of triaxially compressed concrete can be represented by a
Coulomb type equation as expressed by Richart, Brandtzneg and

Brovn (48), Balmer (5) etc.
J !
61 :lfc+K-K:J"ooeoaoooouo-..-on.-.cﬁoo(l’#oZ)

The load deformation vehaviour of triaxially compressed
concrete has been hypothesized by CGardner (26) to be of the

following form;

et e s e R e e e e ———
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{a) CONCRETE (b) STEEL WIRE

FREE BODY DIAGRAMS

Zz

O3

(c) SPIRALLY PRESTRESSED (d) SPECIMEN UNDER
CONCRETE SPECIMEN TRIAXIAL COMPRESSION

FIGURE 3 : ANALYSIS OF SPIRALLY
- PRESTRESSED CONCRETE
SPECIMEN
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Where, v =Instsntaneous Poisson’s Ratio.

Thus if the variation of Poisson’s Ratio with axial
strain can be estimated, the state of stresé existing in the
concrete can be estimated. Unfortunately, many problems ere
associated in trying to equate equilibrium and compafibility
requirements between the inélastic steel wire and the inelastic
triaxially compressed concrete. This analysisiwas‘not attempted

in this study.

L.3 Effect_Of Slenderness Ratio On Laterally Prestressed

Concrete

.Exact Solution

If the inelastic behaviour of a short spirally
prestressed concrete cylinder is known, then it is relatively
easy to use the tangent modulus approach to predict the

behaviour of a-long column.

Empirical Relatjonchins

Ben~Zvi, Muller and Rosenthal (9)have rroposed that
the Richart, Brandtzaeg and Brown (48) equation can be modified

to include the effect of slenderness ratio by multiplying K

by & factor P giving the following equation;

& = (8 4 DT )+ P a6 aeenenronan(bal)
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This formulae is logicelly wrong because it does not
take into account the variationlbf concrete compressive stress,
area of steel and area of concrete, but is incluaed for the sske of

completeness,.

A possible correct form of the equation (L.4) with

further modification may be;

A

! As !
. 61: {(fc +Té'%) +I(o€3}p uoooooooooooe(L}»oE)
ACI 2nd NBC CODE REQUIREMENTS '

No specific requirements for spirelly prestressed
columns are given in either the ACI (American Concrete Institute]
or NBC (Nationsl Building Code of Canada, 1965) building codes.
However, genersl requirements relating to the effect of slender-
ness ratio on the strength of long éolumns asre givenﬂby both the

ACI and NBC.codes.

The NBC strength reductions for length of compression

members hinged at both ends (Section he5.4.17.(1) A& (ii) ) is; :

R = 1007 b 0'0075 "Ii‘}looooooooeoaeooeocooo(hvé)
The ACI strength reduction for length of compression
members hinged at both ends (Section 318-916) is;
R = 1007 had 00008% oocoooottocoaocoocoeo(ho?) |

Slenderness ratio.

i}

Where, %

0

Reduction factor.

k =Effective length factor.

Graph 18 compares the sbove requirements with the

findings of the present investigations.
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CHAPTER 5

DISCUSSION OF TEST RESULTS

The results are presented in the form of graphs
of longitudinal and circumferential strain against axial
load for each_éolumn. These grephs are presented in

fppendix B, from B-1 to B-20.

The average time of testing for all specimens varied
between 20 and 30 minutes. The use of auvtomatic strain

recording equipment enabled s considerable saving in time.

A-SERIES

The variation between the behaviour of the nominally
identical specimens of each group of columns can be seen to.

be small from Graphs B-1 to B-4.

Graph 1 summarizes the behaviour of 31l the columns
in the A-series of tests. It can be seen that there.is an
increase in the ultimate load carrying éabacity of columns
which varies directly with the initial intensity of prestress.
An increase of the masgnitude of the prestress also incressed

the stiffness of the column.

All specimens failed by the rupture of the wire
causing a loss of lateral stress and consequent catastrophic

disintegration of the Specimen, As the specimens were loaded,
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the concrete deformed laterally, due to a Poisson’s effect,

increasing the stress in the prestressing wire.

Rupture of the wire occurred on several strands of
wire; the loose ends flailing about, and the concrete completely
fractured across the section, Typical failures of the specimens

in A-series are shown in Plate 5,

Most of the spirally prestressed specimens failed
at or close to mid-height. Plain concrete specimens failed by

crushing the concrete at mid-height.

Excluding the plain concrete specimens, the axial
stiffness of columns increased as thé prestress incressed.
No quantitative reason has been foﬁnd for the drop in stiffness
between the pléin concrete and the prestressed concrete but
this is probably due to the initial prestress changing the
microstructure of the concrete, The same effect can be seen

in the results presented by Feeser (23).

B-SERIES

The individual results for each column of B-series
are presented in Graphs B-6 to B-9 in Appendix B. The results
are summarized in Graph 2 showing the varistion of behaviour |
with the magnitude of the initial prestress. The behaviour
is similar to the A-series with increase in initial prestress
giving increased load carrying capacity and stiffness with the

reservation detailed in the description of the A-series results.
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Graph 5 summarizes the load-lateral deflection behaviour of
the series. The increase in initial prestress delays the

buckling of every specimen.

Most of the specimens failed at or close to mid-
height. Plain concrete specimens failed by crushing of the
concrete at the ends of the specimens. Typical failures of

specimens in B-series are shown in Plate 6.

=SERIES

As noted previously, this series of specimens had
L - #3 bars as a longitudinal reinforcement and #2 ties
at 6 inches centre to centre to take care of handling and

transportation loads.

The individual column resulés are presented in
Graphs B-11 to B-14 in Appendix B. The summary of the resuits
is shown in Graph 3. Graph 6 summarizes the load-lateral
deflection behaviour of the series. It is interesting to
note that in the case of C.6L.2 series, the buckling.becomes

the main criterion for failure of the specimens.

In analyzing the results of this series, the load
contributed by the longitudinal reinforcing is deducted in
calculating empirical factors like K, B, R', and M, which are

tabulated in Table 3 and Tzble 4.

In this series, specimens with initial prestress

of 990 psi. and 1,70f psi. {i.e. C.18.1 and C.32.1 ééries)




C.32. SERIES © C.64.2 SERIES
 PLATE 7: TYPICAL FAILURES OF
SPECIMENS — C-SERIES
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failed by buckling and the rupture of the wrapped wire. It

was most unfortunate that the rupture of the spirally prestressed
wire st ultimate load caused a sudden dynamic shock to the top
spherical-ball attachment. This shock wés sb severe that it
broke the holding bolt of the top sphericai#ball, which then
dropped; damaging varicus parts of the testing méchine. To

avoid this danger, the remaining specimens in this series, i.e. -
C.bLe2 series,'ﬁere not loaded to the actual failure, bﬁt only
to an "apparent " yield load. Therefore, the actual failure

load of the subsequent specimens may be somevhat higher than

recorded. Plain concrete specimens failed by'crushing at the

top.
Typical failure of specimens in this series are shown
in Plate 7.
D~-SERIES . '

Specimens in this series were also reinforced longi-
tudinally with 4 - #3 bars and had #2 ties at 6 incheés centre

to centre.

In wrapping the specimens in this series, it was
difficult to maintain the same initial lateral stress because
the wire supplied had many kinks and was badly wound on the
spool. Therefore, to continue the rest of the project, the
initial lateral stress was reduced for all the specimens.
Thus D-series had initial lateral prestresses of 900,_1,270

and 2,540 psi. respectively.
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Individual results for each column are presented
in Graphs B-16 to B-19 in.Appendix B. Graph 4 summarizes the
results for the complete series which exhibit a behaviour
similar to the previous series. Graph 7 summarizes the load-
lateral deflection behaviour of the D-series. Similar to
C-series, D.6h,2 specimens showed'buckling as a éoverning

factor for failure.

In énalyzing the results of this series; the load
contributed by the longitudinal reinforcing is deducted in

calculating empirical factors like K, p, R'; and M.

In this series, specimens vwith initial lateral
prestresses.of 900 psi. and 1,270 psi. (i.e. D.18.1 and D.32.1
series) failed by buckling and the rupture of the wrapped wire.
Specimens with an initial lateral prestress of 2,540 psi.

(iee. D.6L.2 series) failed by buckling at "apparent"yleld
load. Plain concrete specimens failed by crushing of the con~

crete at the top,.

Typical failures of specimen in this series are

presented in Plate 8.
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Comparison Of Results With Those Of Other Investigators

Values of the empirical coefficient K have been
back cslculated from the experimental results and are presented
in Table 4. These values were calculated using the ultimate
value of the lateral prestress,not the initial value. The K
values decrease with increase in lateral prestress. The results
from this study agree with Balmer’s (5) results for tests at
high lateral stresses where K ranged.between 2.0 and 3.0 end
with Ben-Zvi’s (9) results of k between 2.72 and 3.91 for short
columns. The relation of axial ultimate stress to lateral

ultimate stress is'presented in Graphs 12 to 15.

Tﬁé effect of the percentage of lateral reinforcing
on the load carrying capacity of columns of various lengths
is shown in Teble 4. The efficiency of the.spiral is also
presented in Table 4. The efficiency ratio, M , is defined
as the increase in load due to spirally prestressed reinforce-~
ment divided by the load taken by the same amount of steel at

the same stress if used as longitudinal reinforcement.

The variation of the efficiency ratio, M, with the
slenderness ratio is plotted in Graph 17. The present results
are in close agreement with those of Ben-Zvi, Muller and

Rosenthal (9), Gamborov (24) and Johnson (35).
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Ben-Zvi proposed a modification of the Richart,

] ! % Cad . ad (4]
Brandtzaeg and Brown (48) formulae to include the effect of

slenderness,

. f
51 = (fc 4= p.j; )+ F)Ko%ooooooo‘oacooooo(591)

Values of the empirical coefficient PK are presented
in Table 4; and in Graph 16. These values are compared to the
results from Ben-zvi, Muller and Rosenthél (9) experiments.

All three sets of results are in close agreement.

Effect Of S}enderness Ratio On Load Carrving Cavacity

Graphs 1-4 and 8-10 show the effect of slenderness
ratio on.the load-deformation characteristics for_eéch of the
four levels of 1aterai prestress. The plain concréte speci-
mens show an unusual tendency in that the long columns (C and
D series) are stiffer and stronger than the short columns
(A and B séries). This is, of course, due to the presence of

longitudinal reinforcing bars.

Graphs 5 to 7 show that the length of the column
increases the lateral deflection. The variation of ratio, R',
of the long column load to short column load with sienderness
ratio is given in Graph 18. Also shown are the ACI and NBC

requirenments for strength reduction for lengths of compression
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members (pin ended). It is not as effective to use two layers
of wire to achieve a given value of lateral prestress as it is

to use a single layer,

If single layers of wire wrapping only are considered
then the results presented in Graph 18 show that laterally
prestressed concrete follows the same trend as unreinforced plain

concrete; albeit, with a very high crushing strength.




CHAPTER &

CONCLUSICONS AND RECOMMENDATIONS

6.1 Conclusions

The principal conclusions to be drawn from this

study are:

1.

2,

It is possible to increase the load carryihg capacity of
concrete columns by prestressing the column by wrapping

the column with wire under tension.

The load carrying capacity of a short column of given
area- increases as the latersl prestress increases as

defined by the following equation;

' !
61 = fc‘,' Ko &3000oeotooovuooooo.oeeooa(601)

ultimate

K varied from 3.02 to 3.9C.

As the spirally wrapped concrete is loaded,; the concrete
compresses axially and expands laterally, thus increasing
the strain in the wire and the lateral stress on the.
concrete. Failure occurs when the concrete starts
expanding laterally faster thzn the axial strain; the
steel wire keeps straiﬁing until it fractures. As soon as
the steel fractures, the lateral stress on the concrete
suddenly goes and the concrete loses its high lcad carrying

capacity and catestrophically disintegrates.
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The catastrophic effect of loss of iateral prestress
means great care must be taken to avoid overloading
spirally prestressea concrete columns. (The{external
prestressing wire must also be protected against fire

hazards.)

Spirally prestressed concrete columns behave in a manner
similar to plain concrete columns, and can be analyzed
in the same way using the ultimate triaxial concrete

strength in place of the cylinder strength.




6.2 Recommendations For Future Vork

1.

L.

To study the behaviour of spirally prestressed concrete
under varying eccentric loading. The variables should be

lateral prestress and slenderness ratio.

Study of long-term loading and creep behaviour of spirally

prestressed concrete columnse.

Determine the behaviour of spirally prestressed cdlumns

under repeated loading.

Response of spirally prestressed columns to blast loading.
This study will be of particular interest to earthquake

design as well as bomb~-shelters.

Design of a machine, similar to a merry-go-round, for
wrapping columns vertically, i.e. columns in situ, to
solve problems of handling and transportation, and thereby,

to reduce the cost of fabrication,

k)
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