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ABSTRACT

-This thesis is a study of th° effects of lateralLy stress,
eccentr1c1ty of applied load and slenderness ratio on the ultimate load

of laterally prestressed concrete columns.

An experiméntal investigation has been carried out on 6“
diameter ccncrete columns wifhlslendernesé‘ratios of 16, 2k, 36 and L8.
Loads vere apﬁlied at eccentricitiés %: of 0.1;'0725'and 0.5. TInitial
~ laterally prestrcsses were apblied to the columns by wrapping the columns
with piano wires giving lateral stresses of 900, 1600 and 3200 bsi. .
Based on the test rcsﬁlts together with those of °
concentrically.loaded latérally préstrésscd columns from Godse's
investigation (16) an emplrlcal formuls is proposed for predlctlng the
ultimate load of laterally prestressed concrete columns under elther
concentric or eccentrlc loadings. Charts were prepared to simplify cée
of the proposed formula and a dcsign method using the préséntcd charts is

also given,
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Center to center,

Empirical constant.

NOMENCLATURE

Cross-sectional area of the column.

Net cross-sectional area of cdncrete, excluding any finishing
material and reinforcing steel. .

Effective area of concrete section to resist compression.

Concrete area bounded by the edge fiber of the maximum strain
and a straight line located at the point of eccentric load and

parallel to the neutral axis.

Cross-sectional érea of wire.

Empirical constant.

ﬁepth of equivalept.recfangular stress block==’klc .

Resultant of cohcrete compression of the section.
Nondimensional faétor of ultimate bending moment ==Mult)(D3fé)
Nondimensional factor of.hltimate axial logd,==Pult/(D2fé)

Distance from extreme compréssive fiber to neutral axis at
ultimate strength.

Empirical constant, ' _ ' . : |

Empirical constant.
Diameter of concrete column.
Diameter of wire.

Young's modulus.

Initial tangent modulus.
Eccentricity,
Equivalent eccentricity.

Maximum compressive strength.
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Maximum tensile strength.
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Unrestrained concrete crushing strength.

Increase of compressive strength due to longitudinal
reinforcement and longitudinal prestressing.
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Yield strength or_elastic limit.

Yield strength of longitudinal steel.

Yield strength of spiral ties.

Yield strength of longitudinal prestressing wires.
Moment of inertia.
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Empirical coefficient.

Empirical céefficient.

Empirical coefficient.

‘Empirical coefficient.

A factor, = 0.85 for fé=§ 4000 psi, and decreases by 0.05 for

every 1000 psi above 4000,

One thousabmdApounds°

One thousand pounds per square inch.
Effective length of column.

Over-all length of column.

One pound,

Slenderness ratio.

Ultimate bending moment.



Nl Number of wires per inch of wrapping.
N2 Pitch of the wires (inch ¢/c of wires / layer).
P Total failure load.
Pc Load carried by concrete alone.
Pcomp Maximum load controlled by compression failure.
Critical load.
cr
PE Euler load.
P Experimental failure load.
exp
PSl Load carried by longitudinal reinforcement, including spiral
ties and prestressing cable.
Psp Load carried by spiral prestressing wire through lateral pressure,
Pten Maximum load contolled by tension failure.
P Theoretical ultimate load.
ult
Py The yield load of the material.
p' Ratio of volume of longitudinal reinforcement to Acx unit length.
p" Ratio of volume of spiral ties to Acx unit length.
p'Y Ratio of volume of longitudinal prestressing wires to
Acx unit length.
psi Pounds per square inch,
Q; Pressure per unit length of the inside circumference of
wrapping wire,
R Reduction factor due to slenderness ratio and eccentricity.
Rl Empirical coefficient.
R2 Empirical coefficient.
R3 Empirical coefficient.
Re Empirical ccefficient.

T Radius of gyration,
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Tension exists in the wrapping wire,
Ultimate axial tension of wire.

Distance from neutral axis to the extreme fiber on the
side of the load.

Distance from neutral axis to the extreme fiber on the
opposite side of the load.

Empirical coefficient.

Reduction factor for Eé .
Mid-height lateral deflection.

The maximum principal stress.

The smallest principal stress.,
Yield stress.

Longitudinal stress.

Total maximum longitudinal stress.
Initial lateral prestress.

Final lateral stress at the time.of column failure.

Ultimate lateral stress due to rupture of wires.

Same




CHAPTER 1

INTRODUCTION

It has long been known that concrete undef a triaxial state
of stress can withstand larger stresses and-deformations than the same
concrete in its unrestrained state.

Many investigations have demonstrated the ébove hypothesis
by testing concrete in a.triaxial cell with the concrete subjected to an
uniform cell pressure and a deviator stress appiied to féil the concrete.

A Coulomb type of failure criteria has been found to hold:-

-51 = _f(':"'l' K '5'3- » where _0—2 = -<;3
The constant K varies ih the range 2.65 for light weight concfete to
neafly 6.0 for very dense concrete. 'Generally,'avvalue of 4.1 is used
for normal weight concrete. . |
The practical appiications of triaxial confining Stresses | s
to increase load carrying capacity are in pipe columns and sﬁiral
reinforced columns. In these cases the lateral qonfiﬁing stress is
provided by the distortion of the pipe or spiral respegtiQel&. - No
- confining stress exiéts until the pipe or spiral distorts; thus the load
_cépacity is increased but the deformations at high load ére 1érgg,
To.exploit this large'increase‘in strength due to triaxial
stress, several investigations have been performed on concrete cylinders
laterally prestressed by being wrapped with wire under tension. These |
investigations all showed large increases in load capacity. Dug to

Poisson's Ratio type effects the lateral stress increases as the cylinder



deforms. Failure is governed by the maximum lateral stress provided by
the steel wire; which disappears when the wire breaks. A1l these
investigations were carried out with concentric loading.

One of the great handicaps of reinforced concrete frane
buildings is the ;aLge diameter needed for the inside columns of the lower
stories. In some cases, a reinforced concrete frame building has been
decided against in favor of a steel rame building for this very reason.

It is possible that the inside column diameters for the lower floors can
be made as small as, or smaller than, those of structural steel by uéing
latefally'eprestresse'c‘l'concrete‘columnso Lateral eiternal prestressing.
can be also.used to strengthen a column (building) after the building has
been damaged by earuhquane movement or blast

Unfortunately, there are no provisions fo; the design of
laterally prestressed columns in elther the current (1970) ACI (Amerlcan
Concrete Institute) or NBC (NatlonalvBuilding Code of Canada) codes,

>since not enough experimental data is available on which code recommehdations
can be based.

This investigation was carfied out to determine experimentally
the effeets of lateral prestressing, slenderness ratio- and ecceﬁtricity

" on the failure load of spiral wrapped concrete columns. Henee.an
.‘empirical design formulae was derived, summarising the expefimental
‘results, to predict the behaviouf of laterally prestressed concrete

columns., ' . ;

el




CHAPTER 2

LITERATURE SURVEY

.Compression members are an integral part of most civil
engineering structures, consequently being able te predict their
perfovmance is essentlal from both the economic and safety points of view,
- However, the problem is compounded that short columns fail by material
failure and long columns by instability or buckling.A Columns are
typically éonstructed of reinforced concrete, steel, prestressed concréfe,
wood or concreté filied steel tubes. In this Chapter, the class1cal
theories of column behav1our w1ll be reviewed followed by a survey of

previous investigations of triaxially stressed concrete compression

members,

2.1 Theory of Columns

2.1.1 Short Columns
| Foﬁ a very short pin-ended column (27)l and neglecting
tﬁe lateral deflection due to the failure load P and eccentrigity> e .
the failure load (defined asAénd of elastic.behaviour) is given by the
two following formulaés whichever has a smallef value:-
. ' : - .
c

Pcomé = (% A, ) ceoscscsascessss(2,1a)

1 Numerals in parentheses refer to corresponding items in the List
of References.
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)

where Pcomn is the failure load controiled by compression’failure9

Pten is that controlled by tension fa:Llure9 29 is the distance from
neutral axis to the extreme fibre on the same side as the load, Y, is
that on the opposite side of the load, F“c is the max1mum compre531ve
strength, F% is the maximum tensile strength, A is the cross-sectional
areay, and I is tne moment of inertia of the column sectlon.

If the material has the same strength rn compre831on and
tension, such as steel, the failure load will be obtained with Eqn.2.1la,
However, if the max1mum tensile’ strength of the. materlal, such as concrete,‘
is much lower than its maximum compre331ve strength and if the eccentr1c1ty
is large enough to produce tensile stress in the column, the failure load
given by Eqn.2.1b will be very small and will control the failure; This
is  why concrete columns need reinforcing in the teneion'zone to take
care 6f_the tensile stress.,

Many theoretical and empirical formulas hame been proposed
for the analysis end design of'iona slender columns (27)° - The folloving

sectlons will review those fbrmu.as relevant to this worko

2,1.2 Long Columns

Unfortunately the failure (maximum) load of a long column
is limited by-buckling. The developement of the various lbng column

formulas are followed in this section.




2,1,3 Euler's Cdlumn Formula

In 1757, L. Euler obtained a formula for the maximum load
of an axially loaded elastic pin-ended column which is assumed to be
initially straight. The formula is

p . _W2EI
E L2

ooooooo.o.ooouolo.900000000(202)

where L is the effective length, E is the Young's'modulus and PE .
is known as the Euler load of the pin-ended column. The Euler load is
also called “eritical load P‘ " at which the lateral buckllng of the

column occurs. ThlS formula was verified by a series of experiments

carried out by von Karman and others about 1900 (19).

2.1.4 Tangent Hodulus Formula

Since the Modulus of Elast1c1ty of a ‘material is related
to the stress in the material Eulers formula only holds if the ModuluS»
of Elasticity is independent of s‘tress°

In 1883, Engesser (5) proposed the tangent modulus formula

to avoid this criticigm of Euler formula,

cr _— 00000006001000000000?9.000(203)
L2
in which the tangent modulus Et replaces Young's modulus in the Euler
equation.,
Failure is now given By the simultaneous solution of the
equilibrium equation and the tangent modulus equation, This method can

be shown to hold for columns where material failure and instability

interact.




In the derivation of the Fuler's column formula and the
tangent modulus formula, the following assumptions have been made (19):
a) The column is incompressible.
b) Plane sections remain pléne.
c)‘ The stress-sfrain'relationshipAof any fibre is the same
as the stress-strain diagram for a small specimen of
' “the materiai.
- d) The plane of bending is a plane of symmetry.
e) The effect of sheariﬁg stresses in fhe deflected column
when it passes from the stable to the unstable state
.can be neglected
f) The load is appiied along the centpdidel exis of the
colunn,
‘g) The column is perfectly straiéhtw
h) The cross—seetional-arearof the column is conStant.'
The effect of a) is small in rigid meterial aﬁd can be neglected (26).
Assumption b) and c¢) have been verified by experlment, and the effect of
e) is small and can be neglected (6). However9 most columns in stfuctures
and in experlmental work are eccentr1cal1/ loaded and have some initial
imperfections such as curvature; Assumptions f)9 g) and h) are, in
general, not valid and the condltlons which are most difficult to satlsfy
.are that the load is perfectly ax1al and that the column is perfectly
straight, In the past, this difficulty has led to the use of . the secant
formula, but it is now considered better to use the tangent modulus'fbrmula
and to allow for other effects by the use-of an appropriate\safety

factor (8).




2,1.5 The Secant Formula

The sece it formula was orginally derived to allow calculatlon

- of the elastic stresses in columns loaded eccentrlcally,

When a column is loaded longitudinally with an eccentricity
1

e , the mid-height lateral deflection 6§ is given by

§ = e :{ sec (-% S E ) -1}
E | .
= e { sec ( L v ) =1} ceeneeas(2.5

where r is the radius of gyration,

By combining the bending and dlrect stresses, the maximum

compressive stress is then obtained

ey .
o=‘§{1+_21 sec(—-/ )} eeee(2.6)

1 r

This equation gives the maximum compressive stress in the column for any
value of P and e provided that this stress does not exceed the

elastic limit.

-

2,1.6 Répresentation of Imperfections by Equivalent Eccentricity

‘ ~In general, coiﬁmns have impéffections such as initial
curfn;ture9 errors in cencerlng the load, uncertalnty as to end conditions,
ete, Thus9 for an ax:ally loaded column, the compre331ve load will
produce more or less bending in addltlon to dlrect'compression,‘_ On

this basis it seems logical to conclude that the behaviour of a real
imperfect column under load will be similar to that of a perfecfly
straight ideal column loaded with a suitable eccentricity e, - This

suggests that the secant Fformula could be used also as a design for

—_—



supposedly straight centrally loaded columns simply by choosing an
appropriate value of the equivalent eccentricity to account for the

effect of imperfections. Then the secant formula for this purpose may

be given as follows

e 'y ' :
o =If(1+2r o /Py, ceeeeee (2.7)
1 A 2 2r "XE

The value of equivalent eccentricity eo' was recommended to be
e, = L/400 for steel columns (27), or e, = L/500 + B/50 for other
material (25), where B is the width of the section in the plane of

bending.

2.,1.7 Egpifical Column Formulas

Because of the objections to the transcendental nature of -
the secant formula, many simpler Bﬁt wholly empiriﬁal formulas Have been
proposed as substitutes for it (25927)°, These formulas‘usually give.
the permissable axial load P as a fUnction of the slenderness ratio L/r,
without specifically indicating the factor of safety used..

2.1.7.a Rankine-Gordon Formula

One of.the empirical formulas for pin-ended, centrally loaded

columns is the Rankine-Gordon formula, The derivation was started with
the equation

.]-

- 1
Pg

o] S

onooouocoo;ooccocoouc(goea}

L
7
y

where P is the total failure load, PE is the Euler load and P is

the yield load of the material. Substituting the equation of PE (Eqn.2.2)

and replacing yield load Py‘ by yield stress Uy > the Rankine-Gordon




formula is obtained as
o A
Y

ag
L —f— ()2
T E

I X )

which is used in British Code of Practice CP1l1ly4,

2.1.7.5 Johnson's Parabolic Formula

é\In order to make greater allcwance for the effect of

g

imperfectionsffor the more slender columns, a parabolic formula is often

used (27), such that

L 2
P = f& A{1- ¢ ()Y e (2.9)

where ¢y is a numerical factor and fy is the yield strength,

2.1.7.c Straight-line Formula

One of the most commonly used empirical column formulas is

-

the Straight-line formula (27)

= - L '
P fy A { l 02 ( r ) } -ooooocooooocoooac(2nlo)

where <, is a numeric.l factor. The Straight-line formula is used by

NBC (National Building Code of Canada) for steel columns,

2,2 Previous Investigations of Triaxial Effects on Plain Concrete and

Reinforced Concrete Columns and Cylinders

Many investigations of the load capacity of mortar, plain

and reinforced concrete under triaxial compression have been carried out

since the beginning of this century by using fluid pressures or mechanical

restraints, However, as far as known to the author, all of these

s s v

A




10

investigations considered the longitudinal load applied concentrically.

- 2.2.1 Survey of Previous Investigations

In 1903 and 1906 Considere (9) 1nvest1gated the tr1ax1al
behavior of cement mortar. Cement mortar cyllnders 11.8" in dlameter
and 31.5" long were used., The lateral pressures on the mortar were
~ applied by water under pressure, From these results, Coneidere
obtained a formula for the axial stress at fallure oy in terms of the
unconfined mortar crushlng strength f' and lateral preesure ;5

o _ . — . _ ' : :
'l afc'l' 4-8 03 °.°V..°.°...°.°......‘...(2.11)_'

where a ie a constant increasing with ;s in.the range of 1.0 to 1.5.

In 1903, Considere {9) also reported a research carried out
on the behavior of hoop reinforced and restrained concrete. A number of
concrete specimens with various amounts of hoop reinforcement were tested.
It was found that the hooped specimens initially behaved in a similar
menner to nonreiﬁforced specimens° However the hooped speciﬁens-
carried much higher loads than the unhooped specimens and only failed
after exten31ve cracking had becone apparent and large deformations had
‘occurred. It was also found that the hooped concrete showed no drop off
in load with deformation9 exhibiting a plastic fype of behavior.

Considere alsc noted that the ductility of restraiﬁed

mortar and concrete was much increased over the unrestrained cylinders.
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In 1928, Richart, Brandtzaeg, and Brown (23) carried out
investigations of concrete in triaxial compression at the University of
-Illinois Engineering Experiment Station. The method used was thét of
applying a liquid pressure to the sides of a cylinder which was loaded
in the axial direction in a testing machine. The spéciméns were
enclosed inside a rubber tube to protect them against penetration of oil
during the test. Each specimen was treated by rubbing the surface
thoroughly with a-paste of plaster of Paris until all surface cavitieé
were filled in order to.prevent the edges of small holes or cavities ih.
the surface punéturing the rubber sheath. Two groups of specimens ﬁere
tested.

In the first group, eighty concrefe.cylinders, uyn in

diameter and 8" long, from three different mixtures, were tested.

Sixty-four of these specimens were tested in three-dimensional compression,

the two principal stresses produced normal to the axis of the cylinder
by liquid preésure being smaller than the axial étress° Eight nomimal
intensities of oil preésure were used, pangingvfrom 250 to 4000 psi.
For compé;’c'ison9 sixteen specimens were tested in simple compfeésion.
From the results of the first grbup9 it was concluded that the maximum
unit load El carried may be considered as made up of the strength fé
of the concrete in simple compression plus an added strength equal to
i,1 times the lateral pressure . developed at the time of failure.

3
That is

] = ‘-G oooonooauoooooaacoﬂooo vv
1 £ T K g : (2.12)

where K= 4,1  is a coefficient for Ogo
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In the second group, forty-eight concrete cylinders, 4" in
diameter and 22" long, were tested with the two principal stresses normal
to the axis of the cylinders larger than the axial stress. + The second

group results, also showed that

o = g Bl o . ..., '
(,max fc 1. Ol Gmin - @ < L] 05006."0.0(2.12a)
where O ax the maximum principal stress, and
O.in — the smallest principal stress.
min
Test results of the two groups were presented in table form
and graphs showing a stralght l;ne relationship between axial failure

stress and lateral stresses. It was concluded that the rate of increase
in the strength with increase in the smallest principal'étress was
largely in&ependent of the proportions of the concrete mixture,-and.that
the.magnitudé.of the maximum principal streés deyeloped was roughly equal
to the strength of the concrete in simple compreésion plus 4.1 timesithe.

lateral pressure.

In 1929,_Richart9 Brandfgaeg and B-own (24) extended the
sfudy to spirally reinforced columns., These results, similar to
Considefe?s investigations, showed that the.failure stress of hooped
concrete specimens was highef than that of unhooped specimens,-aﬁd could

be predicted with the expression obtained in 1928,

Gl fc 1‘ q’nl 03 oooeoooe000000000‘50000090(2.12)

In 1944, Maney (20) investigated short cylindrical columns

with artificial trlaXlal compression. The diameters of spe01mens varied
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from 2" to 8", and the height was approximately four times the diameter.
" The specimens were confined laterally by a combination of a steel metal
. pipe-shaped form and spiral steel justboutside the steel pipe-shéped
form. The prestressing in thé spirals was achieved by compacting the
cgncrete with high pressure and vibration after casting. = In this way,
when the load-application unit was removed from the specimgn the concrete
had enough strength to keep the enclosed spirai'in tension.  All the
specimens were tested to failure. .It was concluded that the compréséive
load capacity of a pound of steel could be incfeased-by‘at least 500 péf
cent and ‘the cost of the structure could be reduced to 1/3 to that 6f

steel structures.

In 1949,.Balmef_(4) conducted research at fhe U, S. Bureau
of Reclamation similap to fhat of Richart, Brandtzaeg, and Brown (23).
The lateral confining pressure, ranging from 0 to 25000 psi, was applied
first»ana hel& constant while the axial stress iﬁéreased until the
concrete failed, From the test results of all specimens, 6" in diameter
and 12" iong9 Baimep assumed the same form of equation as prbpésed by | Y?fff
Richart and his associa'tés9 but found thaf the coefficient K for the
lateral freséure Eé varied from-SOOQ to 2;000' For lower compressive
loads the coefficient K was closer to 6.00 than to b,10, while under-
high loads it yaried between 3,00 and 2.00.

In 1950, Johnson (17) cérriéd out an investigation of
spirally prestressed short columns 3" in diameter and 12" long° A total

of 135 specimens were cast, 27 were of plain concrete without any
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reinforcement, while 108 specimens were spirally prestressed. The
prestressing was achieved by wrapping the concrete cylinder with wire
-under tension. The cylinders were spun in a lathe with the wire being
drawn through a pair of friction plates. The tensile force applied in
the wire was read by means of a spring-scale attached to the friction
plates,

The compressive strength of concrete used by Johnson ranged
from 3470 to 4870 psi. Three wire sizes, 0.0317", 0.0475" and 0.0625"
in diameter, with the altlmate strengths of 253 ksi, ‘395 ksi and 578 ksr
respectively, were used with pitches of 3, 5, 7 and 9 wires per inch.
Three different'initial lateraliprestresses-of 300, 1500 and 3000.psi
were applied to the specimens. All cylinders were tested to complete
failure with a hydraullc testlng machlne. Most fallures were similar:
in appearance. .The typical concrete failure began as local crushing
near the weak end of the specimen -- the end which was at the top when
cast. On final failure9 however, the majority of specimens showed the
so-called shearing failure along a conical-surface. From the test
results Johnson concluded that all splrally prestressed spec1mens had
higher load carrying capac1ty than thelr unprestressed counterparts.
The increase in load carrying capac1ty varied directly with the pitch of
the wire wrapped. The magnitude of K in the University of Illinois |

equation (Eqn.2.12) was calculated from the experimental values of El 5

f"c s and 33 and was found to range from 3.60 to 5.77.

In 1958, Gitman reported Goldenblatt-Ratz'investigations

(15) on laterally prestressed concrete colwms, 14" in diameter and 118"
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long. The specimens were produced first as thin-wall concrete pipes
(13" - 13") on a spinning machine and afterward £illed with concrete,
Longitudinal reinforcement of nine " diameter mild steel bars and spiral
reinforcement of 5% " diameter steel wire with pitches varying from u"
to 8" on different specimens were used to resist handling and transportation
stresses. The circumferentisl prestress was applied by wrapping 3% "
diameter wires around the columns, 9 spesimens ﬁith a pitch of 0.6" snd
5 with a pitch of 1.2%. The initial stresses in the vires were 90 ksi for
11 of the 1l columns and 7 ksi for three others. Flve specimens of the
11 with full circumferential prestress were covefed with é protective
shell. |

All these specimens.were loaded to failﬁre; with spherical .
hinges between the loading plates and the top and bottom of the spec1mens.
The test results showed that the failure compressive stress of the
specimens with a pitch of 0.6" was ipcreased 100 per cent of thét of
plain concrete specimen, while that of the spscimens with a pitch of 1.2"
was increased only 50 per cent. - It was also found that, with the same
pltch of wire, the spe01mens covered w1th a protectlve shell had hlgher

failure stress than the spe01mens without a protective shell.

In 1961, Akroyd (1) studisd the effect of pore-water
pressure on the ultimate strength of concrete subjected to triaxial
stresses, Cylindrical specimens, 3" in diameter and 6" long were cured
in their cast-iron moulds for the first Zu-hours_after casting, then were
cured in various\ways until tested at the age of 7 days with a high-pressure

s s _n - i : . o
{riaxial machine, One series was cured in water at 18 C, a second

N
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series wés coated with an epoxy regin membrane to keep the water content
constant, a third series was cured in water for three days and then
dried at 100°C for two days. A fourth series was dried at 100°C and a
fifth series was dried in silica gel. From these undrained tests of the
specimens, Akroyd concluded that saturated concrete behaves like a
material which does not posses the property of internal friction, when
tested triaxially under condition of no change of water content
(undrained){?a Akroyd®s results were found to be similar to those of
Balmer (4).'/'Akroyd obtained the same relationship between the major

(vertical) principal stress Ea‘ and the minor (lateral) principal stress

ES > Wwith the form

1‘ cl ootocono-ooooonoc'aoo0.0(2013)

which was developed by Balmer (4), For one series of Akroyd‘s tests,

c ¢, and cd had the wvalues of

1° 72 3
cl = U430
C2 == ° 0a0051
c = 1,87
3 ° =

In 1961 and 1962, Gambarov (12,13) carried out a research
program dealing with the short-time effect of axial load on
circumferentially prestressed columns. The program was based on round
column specimens 53" in diameter and 313" long. Four groups of
specimens were tested, one containing no circumferential wire and other
three containing 1.08 per cent circumferential prestressing wire of 0,1"

diameter., The initial prestresses in the wires were 7.1, 108 and 184.5
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ksi. Each group had seven specimens. Three specimens in each group °
were tested at the age of 13 months and the remainder at the age of 1
year. It was found that the wrapped specimens had higher rupture
strengths than their unwrapped counterparts and the rupture strength

increased as the initial prestress increased.

-
-

In 1962, Feeser and’Chinn (10,11) reported experiments on
spirally prestressed concrete columns. Their project can be considered
as a continuation of Johnson'sAwork'(l7). Thirty-four short columns
3" iﬁ diaﬁeter and i?" long were tested. The averége unconfined concrete
compressive strength was 5230 psi., Circumferential preétressing.was

achieved by turning the specimen in a lathe and wrapping the specimen

with wire drawn through a friction-plate device. The tension in
the wire was measured by strain-recorder and the friction-plate device was
calibrated for various tensions in the wire. Two sizes of wire, 0.054"

and 0.0595" in diameter, were used, The pitches of wire were 0.0625",.

0.1", 0;165" and 0,25", Four differént tensions of 10, 100, 200 and
300 1bs. per wire were applied to the wire while wrapping., Thus, the
initial.lateral pressure- on the concrete surfacé ranged from 27 psi to
2133 psi. In the testing, the failure of all specimens coihcidéd with
‘the rupture of the spiral wire. The lateral pressure at ulfimate theﬁ g
ranged from 1533 psi to 6120 psi; From the test results, the average

value of K in the University of Illinois equation (Eqn.2.12) was found

to be 3.818 . Hence the equation for predicting the ultimate strength

of wrapped cylinder was given by

o, = f' + 3.818 o
C

00000'00;50005090900 -3 u
: 1 3 (2.14)
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It was also shown that the stiffness of the specimens can
be increased by increasing the initial tension in the spiral wire.

- However, the initial tangent modulus of all laterally prestressed

concrete was less than that of the unprestressed plain concrete. It was

also concluded that the ultimate strength of the specimen was independent

of the initial tension in the spiral wire but dependent only on ‘the

lateral confining stress to the specimen at the time of failure.

In 1965, Chinn and Zimmerman (7,28) extended the work of

Balmer (4). Their program consisted of increasing the axial load until

the concrete failed while the cell liquid pressure was held constant.

Thirty-six concrete cyllnders, 6" in diameter and 12n long, wére tested
using -eell liquid pressures of 20000 psi and 60000 ps1. From their
test results9 they concluded that the axial strength increases as the

lateral stress incre_ases°

In 1965,.Krahl9 Victory, Erkmen and Sims (18) reported the
research of the Behavior of plain mortar and concrete under triaxial
stress, Mortar cylindrical specimens9 %" in diameter and l" long, were

drllled from cast blocks of mortar w1th a diamond drill and were cut to

length with a dlamond saw.  Four mortar mixes were used, one of which

included light weight sggregatés; Approximately 50 specihens vere tested

from each of four mixes, Each specimen was tested under constant
hydrostatic confining pressure, as axial load was increased to failure,
Some specimens were protected from the confining fluid by a plastic

membrane and others were not. From test results, they concluded that
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the use of very small cylinders of mortar in triaxial tests is feasible
and meaningful results are still obtained provided special care is
devoted to the preparation of specimens, and that the effect of confining

pressure on the axial strength of a mortar or concrete cylinder can be
L4

expressed by the equation

' 0]. fc-l- cl 03 _otoooia-l'.oo.o.oo00.0000(2-15)

where cy and ¢, are empirical constants. This equation implies that

log (o, - £!) =log e, te, log Eé cerereee.(2.16)
that is, a linear relationship exists between log (;i-fé) and log o
The value of the constants were determined by the metbodAof least square
and were presented in taﬁle form in their paper.

Iﬁ 1966, Ben-Zvi, Muller and Rosenthal (5) éarried out an
investigation of thg éffects of triaxial stress caused by circumferenfial
prestressing of concrete columns. frestressing waé achieved By'wrapping
the col;mn with steel wires under tension. | Three sizes of concrete
specimens were used in their investigation°

In the firsf serieég thirty-two of the total forty-four
concrete cylinders, 3" in diameter and 6" long, were circumferentially
prestressed with initial tensions in the wire of 7.10, 9,22 and 163.5 ksi.
Two sizes of wire were 0.04" and 0.055" in diameter and the pitches'were
0.04™ and 0,067" respectively. All specimens failed by rupturé of the
spiral prestressing wire due to the lateral pfessure exerted on it |

through the expansion of the concrete.

3"
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In the second series, six specimens, 10" in diameter and
100" long, with average concrete strength of 4260 psi, were cast witﬁ
longitudinal reinforcement of six 0.4" diameter wiresland a spiral of
0.24" diameter wire., The columns were prestressed longitudinally by
means of a 0.24" cable, with a force of 32 toﬁs.A Four of the specimens
were circumferenfially prestressed with steel of 0.2" diameter with an
initial prestress of 92400 psi in the wire and a pitch of 0.4" or 0.8",
In the test of this series, columns without wrapping failed by.concrete
‘compression crushing. The wrapped ones failed by buckling and rupture
- of the winding wire, | |

In the last series, a total of fifty ome eencrete columns
with an average cube strength of 6800 psi,'were cast. in three diffefent

lengths, 2u", 36" and 72". All were 3" in diameter. Specimens were

longitudinal reinforcement containing six wires 0l12"'diameter and a
- spiral 0,08" diameter, epiral reinforcement of 2,17" diameter,spifal with
1" pitck, six longitudinal prestressing wires of 0.2" diamefer with a
prestressing of 2 tons in each wire, and circunferential prestressing of
0.,055" diameter splral steel wires in one9 two or three layers with a
pitch of 0.06" and an average initial ten51on of 7.1 or 163 k81 in the
wire, All specimens were tested under axial compression. Failure of
the short unwrapped and some short wrapped specimens oceured in verﬁical.
and oblique planes while all ether specimens generelly failed by buckling.
From these tests, Ben-Zvi and his associetes eoncluded that
column strength is increased with an increase of-initial spiral
prestressing, but decreased with the increase of the slenderness ratio

of the column, and that longitudinal prestressing does not reduce column
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ultimate strength and has a beneficial effect on deformation and

transportation stresses. They proposed a new form of the University of

- Illinois equation (Eqn.2.12)
= ' ' g
°1'_ | C £+ £ TBKOs  vevnieniiiiiiono.(2.17)

where fél is the compressive strength increase due to longitudinal
reinforcement and iongifudinal prestress., B 1is a slendérness correction
coefficient, The value of BK varied from 0.15 to 3.52. They also
proposed a design f;rmula for triaxially prestressed columns. The

failure load Pﬁ of such_column is

1t

Pute = Fe T Pgy t PsP °°°fa=-o~~-o«-'--'--'°(2-18)

j:n WhiCh, Pc.=Ac fé . n?eoocoooos’ooonolocooo.tttho-nr,007.005(2-188)

load carried by concrete alone,

== "} | 4 " " on T1e y
P=A, (p £y 2.5p" £2 RN ) ceeeiiiiin i (2.18D)

load carried by longitudinal reinforcement including
spiral ties and prestressing wires,

and .' P =A BK-C— . 09000600(;00.000000;00000000000000'0000G(2.l8c)
sp ¢ 3 _

loaa carfied_bj spiral prestfessing wife through
lateral pressure,
wheré A, is the cross-sectional area of concrete, excluding any
finishing material and reinforcement,
p' is the ratio of volume of reinforcement to AC X unit'lengths
p" is the ratio of volume of spiral ties to A, % unit length,
p'" is the ratio of volume of longitudinal prestressing wire

to Ac x unit length,

and f§ 5 ﬁ? R g;" are yield stresses of steel, spiral ties and
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longitudinal prestressing wires respectively.

In 19689 Merfin (21)>reported-experiments~on 17 spiraliy
prestressed concrete cylinders, 4" in dlameter and 8" long. The
cylinders were wrapped with steel piano wires of 0.016" diameter in a
lathe. The pitches of the wire were 0.016", 0.018" and 0,032" with the
initial lateral stresses varying from 140 to 1482 psi; Plain concrete
compressive strength was 6490 psi with a standard dev1atlon of 357 p81.
Spec1mens were tested on short-term and long—term axial compression.
Martin conc;uded that the increase in axial ultimate stress and strain
of these cylinders depended-essentially on the lateral ultimate stress
that the spiral wire caused in the.concrete. For wrapped specimens,
the value of feissop's ratio varied from OoiB at small stress to more

than 1.0 at large stresses during rapid loading.

In 1969, Gardner (lu)'reported the use of a soil mechanics
theory to predict the behavior of concrete under conditions of triaxial
s‘tfess° An experimental investigation was carried out which justified T?jjkv
the use of the theory which relates the stfess in the'concrete to the

instantaneous Poisson's ratio. Twenty eight concrete cylin_dersg 3" in

-diameter and 6" long, with.compressive strength of 4000 psi, were tested to

failure in a triaxial apparatus under lateral oil pressures of 0; 1250,

2500 and 3750 psi. Gardner concluded that all the mechanical properties
of concrete were improved under triaxial loading, and that the failure |
strength, ductility, and the value of the instantaneous Poisson's ratio i

at failure all increase with an increase in confining pressure.
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In.1969, Godse (16) carried out an experimental investigation
of the effeéts of initial prestress and slenderness ratios on the ultimate
load carrying éapacity of éxially ioaded sPirally prestreséed concrete
columns., A total of forty-four 6" dlameter concrete cyllnders were cast
in four series of 12V, 2y, 42" gnd go 1ong° The compressive strengths :
of concrete were 4600, 5100, 5000 and 4950 psi respectively. For the
two longer series, longitudinal reinforcing of 4-No.3-bars and No.2 ties
at 6" c/c wvere used to take care of stresses due to transpdrtation and
handling,v From each series, four levels of initial prestress were |
employed, belng 0, 960, 1706 and 3412 psi, with pitches of 0 (unwrapped)
18 32 and 64 wires per 1nch Inltlal lateral prestre381ng was achleved
by turning the specimen in a lathé and wrapplng high strength piano wire,
under tensioﬁ, around the speciméns. High.strepgth piano wire of 0,031"
diameter.with 342 ksi average ultimate stress wés used. |

All.specimens-were loaded axially'and concentrically to
failure. Loads were applied throuéh spherically-seated bearing blocks
at the £0p and bottom of the specimens. From the test results, Godse
concluded that the load carrying capacity can be increased by the
increase in initial spiral prestress, but ﬁill be decréasedAas the
slenderness ratio of the column increased. Empirical coefficieﬁt B K

of Eqn.2.17, calculated from test results, ranged between 1l.23 %6 3.90 .
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2,2.2 Conclusions on Previous Investigations

&
-
<

From the results of the previous investigations which have

been reviewed in section 2.2.1, the following conclusions are made:

1) Concrete column strength can be increased by applying a lateral

2)

3)

4)

pressure or lateral prestressing.
For the short plain concrete column, the axial compressive
strength can be predicted by the Illinois equation (Eqn.2.12)

- —
ol fc + K 03

where K is itself a function of Eé which decreases with

increase of 03.

The coefficient K . is also a decreasing function with increase
in slenderness ratio. Hence the Illinois equation (Eqn.2.12)

can be modified to

-

= f0 5
01 fc + BK o

3

The value of B decreases with increase in slenderness ratio.
For columns whé;e the lateral stress is provided by wire‘ﬁ
wrapping, the load is governed by the final, not the inital,

stress in the wire,
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CHAPTER 3

MATERIALS AND TESTING PROCEDURE

The experimental program described in this thesis consisted
of casting a number ofbcolumns of different lengtﬁs, with different
amounts of lateral prestress, and loading these columns to failufe with
the loads being applied at various  eccentricities, The columns were
laterally prestressed by turning them in a lathe and wrapping them with
piano wire under tension, Ail_teste were duplicated to improve
reliability.

The casting; euring,_lateral prestressing‘and testing
" details will be decribed later in this chapter. Fig.3.1 p.26 gives

details of the number and types of the test columns.

3.1. Preparation of Specimens

-

3.1.1 Casting : _ _ . ™

3.1.1.a Speeimens

A total of 96 cylindricai specimens 6" in diameter were cast
.ein four different lengths of 173", 293", 473" and 651" and were labelled
A, B, C and D series respectively. When attached to the loading plates
and spherical bearings, these four iengths would become effective lengths
of 24", 36%, 54" and 72" respectively. |

Two steel stands, accommodating 24 moulds at a time, vere

used to hold the moulds vertical while casting.
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. Length NOo ] Layers 3 0
SPe;;men overall[effective % of fo | of %F%}s; 3 %

o 1 L spec. | (psi)|wires " (psi)
——— 0.10
o on nil 0 0o | o0.25
A-0b 0.50
A Ooe 0.10
PR, 18 | 900 | 0.25
e 173n 241181 2 | 7200 1 0120
A-32-b 32 | 1600 | 0.25
A-32-¢ 0.2
h-32-c X 0.10
A-6U4-b - 2 64 | 3200 | 0.25
A-64-b 0.50
B- O-a 0.10
o on nil ) 0 |o0.25
B 0-c 0.10
B-18-b 18 | 900 | 0.25
T U R I -
o-32a 32 | 1600 |o0.25
B-32-c 0.50
B-6lh-a o:29
b-oh-a 2 64 | 3200 | 0.25
B-6l4-c . 0.50
C- O-a Oolo
C- 0-b nil 0 o |o0.25
c- 0-b 0.50
C-18-a 0.10
C-18-b o 18 | 900 |o0.25
g-ég-: By 5y 36| 2 |s6750| 1 g,ig
c-32-a 32 | 1600 }o0.25
c-32- 0,50
C-6l-a 0.10
o 2 6L 3200 0.25
C—6l-c TR
Ceuse 0.10
D- 0-a = nil 0 o {o0.25
b-0b * 0,50
D- 0-c 0.10
D-18-b % 18 | 900 |0.25
g-ég-; : 653" 720 48| 2 5600 1 g,ig
b-32-a 1 32 11600 |o0.2%
D-32-c 3-20
D-6l-g = o2
b-ova ” 2 st | 3200 |o0.25
D-Gl-c 2.0

o

4-No.3 longitudinal bars and No.2 ties at 6" c/e

were used in series D.
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For each series, twenty 6"x12" cylinders were cast to

determine the compressive strength.

3.1.1.b Moulds and End Caps

The moulds were cut to the required lengths frém‘G"XB'—O"
sono-tubes, To be able to bolt up the specimen to the loading plates
or the cap for wire-wrapping, steel anchor caps were placed at both ends
of each specimen_during the castipg of specimens.

The steel end caps were 6" in dlameter 3" thick, w1th.four.
%- -dlameter threaded holes for boltlng up to the loading plates or the
cap for wire-wrapping. Two spiral bars and one straight bar were
welded to the end cap as an anchor between the end cap gnd the concrete
portion of the specimen. The straight bar was on the tension side of
the cylinder to incfease the bond when tensile stress occurred. The.top
end éaps had three 3" holes for bleeding of water and air during casting.
'At the edgé of each end cap, two &% threaded holes, 3" deep were made for
achoriné fhe ends of wrapping wire. The end cap is shown in Fig.3.2
p. 28 .
| The eccentric load was applied by.the ball seats of the
.loading plattens of the columns being displaced from the secfidn'centroid
the desired distance. In order to enable the application of eccentric
load, the axes of top and bottomrend céps had to be on the same plane.
This was achieved by marking the axes on the end caps and one longitudinal
reference line along the sono-tube before casting, and matching these axes

and the line while casting.

- Fig.3.3 p.29 shows the fabrication details of specimen.,

!
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FIG. 3-3 FABRICATION DETAILS OF SPECIMEN
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3.1,1.c Concrete Mix

The concrete used in all specimens was obtained from the
- Dominion Building Material Co., a local ready-mixed concrete manufacturing
plant. The concrete was proportioned by weight and machine mixed.

The mix proportion of;the concrete is given in Fig.3.ﬁ p. 30

Fig.3.4 Mix Proportions by Weight

(slump = 3m)
Material . Weight per cubic yard of concrété
Normal Portland Cement 615 1bs.
Sand (Type 1) | 1,570 1bs.
A3/8"- Aggregate | 1,585 1lbs,
Water = © 310 1bs.

3.1.1.@ Reinforcement

To avoid damage of the longest colunns in transportation
and to take care of the stresses due to the self weight of column as

well as the lateral force of the prestresSing wire while the column was

supported in the lathe, iongitudinal reinforcing was provided for the vga;.f

series D columns only,

| Nominal reinforéing of 4~No°3 bars, 3%" centre to .centre, =
and No.2 ties at 6" centre to centre (to comply the 1965 Nétioﬁai Buildind
' Code of Canada requirement, section 4,5.3.67(2); p;225 were provided,

The arrangement of these bars is shown inAFig.3.3 DP.29

Stress-strain characteristic of these bars is shown in

Fig.A.2 p.125 in Appendix A,
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3 o'l [ 2 Cur'ing

After casting, all specimens were left in the moulds for
24 hours. All specimens were cured vertically in a moist room after

stripping the moulds, The curing time of all four series was at least

28 days.,

3.1.3 Vrapping of Cylinders

' The»specimens were taken out of the moist room and air
dried for at least 7 days before wrapping. The coluﬁns were laterally
prestressed by wrapping high-strength wire, uﬁdef tensiqn; around. the
éolumns° This was done by turning the column slowly in a lafhe, the
rotation of the column drawing the wire through a paif éf édjustable
clamped friction plates (washers)_of the wrappingldevicé which was fixed
to the tool cérriage of|the lathe., Fig.3.5 p.32 shows'fhe wrapping

of cylinder,

Both ends of the wire were anchored at the end caps by

passing the wire between the two mild steel washers and élamping them with

a nut. This arranggmént is showvn in Fige3.3 p.29 o
The pitches of the wire were chosen to be similar to the
. cutting threads of a latheg.and‘the tool carriage could be traversed at
fhe given pitch by adjusting the sét up'of 'the-_lathe° _ For this
experiment, pitches of 18 and 32 {hreads per inch were used. The .
wrapping of 64 wires per inch was done by a double layer of 32 wires per

inch,
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3.1.3.a Wire for Wrapping

The wire used to provide the lateral spiral prestressing
was high strength piano wire of 0,031" in diameter. The average ultimate
strength of the wire was 342000 psi. The stress-strain characteristic

is shom in Fig.A.l p.12% in Appendix A.

3.1.3.b Wrapping Device

~ The device for wrapping con51sted of three parts which were

a mounting plate, a vertical cantilever and a pair of adjustable clamped
friction plates. It is shown in Fig.3.6 p.33 .
| The aluminium bottom mounting plate was 9"x6"x3/8", with o

four holes for fixing the device on the tool carriage of the lathe. - el

1
The aluminium vertical cantllever, a piece of 3"xl"x§" alumlnlum channel

. A SN
7%” long , was welded to the central portion of the bottom plate. An

aluminium block, 2"x2"x1", was bolted to the cantilever on one side at

NGy v v xR B

the top. A bolt went vertically through the centre of this block and
two pleces of steel plate (washers)° A horizontal hole in the bolt

allowed the wire to pass th”ough the bolt between the two washers. The

washers could be tlghtened by a nut at the top part of the bolt. At the
base of the cantilever, four EA-06-250BG-120 type strain gages were

mounted in a full-bridge configuration.

3.1.3.c Wrapping of Cylinders -
The tensile force applied to the wire was 150 1lbs, From
this force, the initial lateral prestress applied to the column'by'the

wire was calculated. The temsile force in the wire was obtained from
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a Budd—sfrain-gage indicator which was connected with the strain gages
mounted on the wrapping device. The strain gage readings were calibrated
to give the force in the wire.

In order to maintain a constant force in the wire, the
strain gage reading of the wrapping device was kept constant by adjusting
the nut clamping the steel plates between which the wire passéd during
wrapping, ;

oy ~
_ 7 The wrappings of 18, 32 and 64 wires per inch produced an
initial 1até;él prestresses of 900, 1600 and 3200 psi respectively with

a wire tension of 150 1bs,

3.1.% Installation of Strain Gages

At the mid-height of each column specimen, one longitudinal
and one circumferential electrical resistance foil type strain gages,
5 mm. gage l;ngth9 type KF-5-C8-11 of Kyowa Co. were installed on both
the inside and outside faces of the column. An epoxy material was

applied over the piano wire of each wrapped specimen to provide a smooth
: v b

base for the strain gages.

-302 Testing

All specimens were tested in a hydraulically operated
600600 1bs. capacity Badwin-Sowthwark Tate-Emery Testing Machine, and were
loaded to failure. Three different eccentricities, §-==0,109 0.25 and
0.50 were used for each combination of lengﬁh and lateral prestress of

the specimens.

PN

f=E=H

ATV MR

e
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All specimens were loaded with ball bearing hinged end
plates. The designs of these end bearing loading plates are shown in
Fig.3.7 p.39 to Fig.3.9 P-4l o These loading plates were fabricated
by a "steel—ball—press" technique. High strength stalnless steel balls
were utilized. A cone—shaped depre551on was machined into each of the
SPS 245 Chrome Nickel pads. Then, employing one pair of such chrome
nickel pads, the steel ball was hpressedﬁ‘hydrauiically into the cone—
shaped recess with a total axial force of 500 kips. The resulting
-plastic defermation formed a sPhericall§ shaped recess conforming
perfectly to the cbntours of the steel'ball The seating pads formed

were then welded at the required eccentrlcltles onto thlck steel plates

which could be bolted to the ends of each specimen, . Two other thick - 'ﬂ
Steel.cover.plates with the same type of spherieally shaped recess were ' ;5
bolted to.the.testing machine, one at the loading head and'ene on fhe ;5
base, These two covef_plates are shewn in Fig.3.10 -p.qz . 5

The lateral deflection of the columns was measured at mid-

“‘/ -

'heighte‘ Since it was dangerous to read the deflection dlrectly by means
of dlaL gages a 8" long cantilever was used to measure the lateral
def1ectlon by means of the straln gage at the base of the spring steel
cantilever. This cantllever was callbrated by applying a known
displacement to the cantilever and measuring the corresponding strain
gage reading,

All deformation and lateral deflection measurements were
made at essentially equal load increments of 10000 lbs. for specimens'of
eccentricity §-==00109 5000 1lbs. for those of §-==0°25 and 1000 lbs. for

those of %*= 0.50.
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The strain gage readings of all deformations and lateral
deflections were read with a Digital Strain Indicator, Hodel 205 of CMS
Laboratories, through with a Switch and Balance Unit, Model 305 of Binary

Electronics.

Fig.3.11 p.y3 shows the specimen under test.

3.3 Nomenclatures for Specimeng

In order to identify all‘the specimens9 each specimen vas
designated for length, wires per inch of'wrapplng (1°e. 1n1t1al lateral
prestress), eccentricity and a nuﬁber denoting the spec1men in that
particular type. Nomenclatures used in this thesis’ for specimens -are
as follovs:

For the effective iength:

Az 200" (2um)

B

T 3v.om (35")

c hi-g®  (547)

D ¢ 6'-0% (72n)
For the lateral prestress:

0 : without lateral prestress

18

oo

18 wires per inch of wrapping, (03 = 900 psi)

32

32 wires per inch of wrapping, (03‘==1600 psi)

64 : 64 wires per inch of wrapping, (03 = 3200 psi)

e

B3

TREwEETY
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For eccentricity:

i

a : e/D=0,10

b

f

e/D. = 0,25
¢ : e/D=0.,50
Thus, as an exampie:

A-32-b(2) 1is the second of the columns of 24" in effective

length, with 32 wires per. inch of wrapplng (i.e. initial lateral prestress :

is 1600 psi) and is loaded with a eccentricity of -g—== 0,25

SN

EEE
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LEFT : BOTTOM COVER PLATE

RIGHT : TOP coOVER PLATE

FIG. 3-10 LOADING COVER PLATES
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LEFT : BOTTOM COVER PLATE

RIGHT : TOP COVER PLATE

FIG. 310 LOADING COVER PLATES
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SPECIMEN UNDER TEST

FIG. 3-11
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uy

CHAPTER &4

THEORETICAL CONSIDERATIONS AND ANALYSIS

The theoretical analysis and derivation described in.this
Chapter is based on elementary strength of materials principles, and the
conclusions obtained from previous investigations of the tfiaxial effects

on cylindrical concrete columns under concentric load,

4,1 Analysis of Lateral Pressure from

Wrapping Wires to Concrete Cylinders

When a concrete cylipder is wrapped with vire under tension,
the wire is stretched by the téﬁéion T applied to the wire. After the
cylinder is Qrapﬁed and both ends 6f the wire are fixed on.the cylinder,
the wire will have a tendency to return to its original length. This
effecf'produces a pressure interacting between the wire and the cylinder
surface, -

Figou;i pP.'45 shoﬁs the free body diagrams of the wire and
the wrappéd cylinder, If ﬁi° thg nuﬁberléf wires per inch of the |
wrapping, is known, the diameter D 1is expressed in iﬁches and the
tension T in the wire in'pounds9 the lateral stress. 04 ~(psi) acting
on thevoutside cylindrical surface of concrete cylipder can be calculated

with the formula

2N, T

oooooouooooooooooooonooevooooao(q’ol)
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In this thesis, Eqn.4.l was used to calculate the lateral stress o
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3 °

4.2 Ultimate Strength Analysis of Plain Concrete Column

As the tensile strength of concrete is very weak, it is

reasonable and usual to assume that the concrete takes no tensile stress.

The tensile stress is usually taken by longitudinal reinforcement in

reinforced concrete columns.

The ultimate strength analysis of plain concrete columns

shall be based on the two .following additional assumptions vhich are

given in both the ACI (2) .and NBC (22) building codes:

a) At ultimate strength, concrete stress is not proportional to

b)

strain. The variation of compressive concrete stress
distribution may be assumed to be a rectangle, trapezoid,
parabola, or any other shape which results in predictions of

ultimate étrength in reasonable agreement with the results of

compressive tests.

The requirements of assumption a) may be'conéidered satisfied

by the equivalent rectangular concrete stress.distribution which

is defined as follows, At ultimate strength, a congrete stress
intensity of OoéSfé shall be assumed.uniformly distributed |
over an equivalent compression zone bounded by the edge of the
cross section and a straight line located parallei to the
neﬁtral axis at a distance a ==klc from the fiber of maximum
compressive strain. The distance ¢ from the fiber of

maximum strain to the neutral axis is measured in a direction
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perpendicular to that axis. The fraction kl shall be taken

as . 0.85 for fé < 4000 psi, and decreases by 0.05 for every

1000 psi above 4000,

4,2,1 Cylindrical Plain Concrete Columns Under Concentric Load

Let Fig.4.2(b) and 4.2(c) p.u8 represent the distribution
of internal strains and stresses when the plain concrete column is about
to fail under a concentrlc load P ult® The whole section in thls case
will be under compressive stress (i.e. a —-D). Using the assumptlon of
equivalent rectangular stress block as shown in Fig.4.2(d) p. 48 , the
magnitude of this stress is O.SSfé unlformly dlatrlbuted»over the whole

section. The failure load Pult will be given by

e= ] 1 :
Pul‘t Ac (0“85 fc) °°°°°°°°°'°°Q'G.Q'o.....u.ﬂ(u.Q)

’ - ) 2 .
where Ac is the sectional area = EER_ for cylinder,

u°2°2A'§ylindrical Concrete Columns Under Eccentric Load

When a cylindrical plain concrete column is under load P ult

at an eccentr1c1ty e from the plastlc centr01d of the section as shown
in Fig.4.3 p.ug the resultant C of the equlvalent rectangular

stress block must be collinear with and equal to P for equilibrium.

ult
Since the resultant C. paSses through the centroid of the equivalent
compression zone and the point of loading, the area Aé of the equivalent
compression zone will be

AV = 2 A
[od

e oooooooooooo-oooooooooooooooeooooo(q‘oS)

where Ae is the area bounded by the edge fiber of the maximum strain

71
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(@) Cross section and
loading

(b) Strain distri-bution ~

(c) Stress distribution

(d) Equivaien*t rectangular
siress block

FiG. 4-2 SIRESS AND STRAIN DISTRIBUTION OF
CYLINDRICAL CONCRETE COLUMN UNDER
CONCENTRIC L[OAD ‘
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FIG. 4-3 STRESS AND STRAIN DISTRIBUTION OF

CYLINDRICAL CONCRETE COLUMN UNDER
ECCENTRIC LOAD
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and a straight line located at the point of eccentric load and §arallel
to the neutral axis as shown in Fig.4.3(a) p.yg .
The failure load P,1+ 1n this case can be given by

== v °
Pult 0085 chc - oQO.QOO.Q.OAGO.O..ﬂ.O‘O.'Q;(u.u)

 The expression of Ae in terms of eccentricity e can be derived by

integration and found to be

2 ‘
o TDZ D2 _Df . -1 2
Ae = e i e - sin ( D) ...o....(u.S)A

Thus, Aé becomes

Aé=1r"?““— 26 /—g_"ez-%-sinl 2-3-) oaooo.o(q’ns) B

Eqn.4.6 shows that

At = 4 = Ac when =0, and

C

oo

A' =0 vwhen = =0.50 o
c D .

"For convenience, the values of the effective sectional .
area 'Aé for different %- ratios, less than 0.50, have been plotted
in Fig.6s1 p.gy. in Chapter 6.

For long columns with the load applied eccentrically,

reduction factors must be applied to Eqn.u.u

- — 1) 9 - —_— - —
Poag= AL (0.85£1) (R)-R, ) (1-R, =) .,.'.,..”..,,(u.?)

where R R and R are empirical coefficients which will be

1> 72 3
discussed in Chapter 5, and Aé is the effective area of the cross
section.

Eqn.4.7 can be considered as general form of formula for

cylindrical plain concrete columns with an eccentricity ranging from
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e
B ‘0 to 0.50,

' 4.2.3 Laterally Prestressed Plain Concrete Columns

Prev1ous 1n§est1gatlons of the effects of lateral prestress
to the concrete columns found that the lateral prestress increases the
load capacity a certain amount. It is logical that Eqn.4.7 can also be
used for laterally prestressed plain concrete columns by féplacing the
unconfined.concrete compressiﬁe strength fé by the'confined concretel_

compressive strength. That is
== AV 1 - - i . .
Poe = AL {0.85fc+81< 03}{1.21 R }{1 R, D} ceeeos(l,8) |

where BK is an empirical constant which decreases with increases of
either lateral prestress or sienderness ratio. As it will be discussed

in Chapfer 5, BK is also a function of the g- ratio. Thus, BK can

be expressed in the form of

BK";K [11<2( )JE %]E.—Ksa‘ .,.,...,..,.(u.-é)

where K., K.. K

1° 720

will be determined in Chapter 5.

35 Ky» K5 and a are empirical coefficients which

[]
=3

Thus, the general form of the formula to predict the failure

P .=A" 0.856k_ [1-x (?—3)“ K K 5 1-K 9'5
ult c | e 12 £ “u 5D
l 2 r} {l R3 D oouooocoonoooubo(u lo)

where Aé is the same as before, with B- ranging from 0 to 0,50,

load Pult for laterally prestressed plain concrete colunns may be

written as
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CHAPTER 5

DISCUSSION OF TEST RESULTS AND THE PROPOSED FORMULA

The individual test results are presented in the form of
load/deformation curves. These graphs as well as the load/lateral

deflection curves are presented in Appendix B, from Fig.B.l1 p.128 to

Fig.B.60 p.187 . The experimental feilure loads of all specimens are
presented in Fig.C.l p.189 in Appendix C.

The average faiiuré loads for each type of spécimens are
presented in Fig.5.2 p.5t and curves showing the effects of.lateral
prestress, of s}ehderness'ratio; and of eccéntricity are'presenﬁed in
Fig.5.8 p.62 , Fig.5.9 p.63 and Fig.5.10 p.6h  respectively. .

In order to obtain sbme‘of the émpirical coefficients for
the proposed formula, the test resuits of Godse's investigation'(lG) of
similar specimens under cgncentric loz2d were alsq used and are présentéd

in Fig.5.1 p.53 .

5.1 Failure Phenomena of Specimens

The various typicai failure phenomena are shown‘in Fig.5.3
P.55 to Fig.5.6 p.58 . A summary of failure phenormena observéd is
givén briefly in Fig.5.7 p.59 o>

It was found that all unvrapped concrete columns failed by
crushing of concrete at ﬁid—height of at the weaker end of the cylinder.

Most of the shorter series of wrapped specimens, failed at

mid-height portion by crushing of concrete and simultaneous rupture of
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wires. The rupture of wires indicated the tensile stress in the wires
reached its ultimate value. The final lateral'stress"gé can then be
calculated from the ultimate strength of the wire.

Howéver, most of the longer'specimens failed ﬁy crushing of
~ the concrete without ruptﬁre of the wire, The value of the final lateral
stress at failure ;é cannot‘be predicted. In this case, the value :Eé
at failure'was obtained from the circumférentiai‘strain readings of test
results and the characteristic curve of the wire-

_ g;
D

All specimens which were loaded with = =0,50 failed by

tension failure of the concrete at the weaker end.

Those of series D with %-==O.10 and 0.25 failed by

general buckling.

It was concluded that lateral presfressing does not increase
the tensile strength of concrete and results for %Q==0,50 were not

considered in the development of the empirical -equation,

Fig.5.1 Test Results of Laterally Prestréssed Concrete Columns Under

Concentric Load (obtained from Godse's investigation (16)) .

- 3 : ) oy .
Spﬁglmen ‘% 3 o5 EPexp | Py PeXP

o ° (psi) ~ (psi) (kips) | (kips) (kips)
A- 0-0 - =0 I /L R Ti2.0
4-18-0 | 1452 290 290.0
A-32-0 || 1680 #600 2581 374 [ “37m.0
A-64-0 5162 573 573.0
B- 0-0 0 111 ' I11.0
B-18-0 1452 284 : 284.0
B-32-0 25,10 5100 2581 364 3640
B-64-0 5162 5U5 545,0
C- 0-0 | 0 IS — T0T.7
C-18-0 1452 1290 261.7
C-32-0 87.05 5000 2581 352 28.3 323.7
C-614-0 5162 407 378.7
D- 0-0 o 0 126 97.7
D-18-0 1452 268 239, 7
D-32-0 #9140 1950 2581 310 | 283 281.7
D-64-0 5162 348 319.7




Fig.5.2 Test Results of Laterally Prestressed Concrete Columﬁs

Under Eccentric Load
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Specimen L fe o I3 e
No r S ? % D PR
° (psi) (psi) (psi) (kips)
A- O-a 0.10 120.0
A~ 0-b 0 0 0.25 63.0
A- 0-c 0.50 10.5
A-18-a _ 1547 - " 0.10 290.0
A-18-b 900 1547 0.25 139.0
A-18-c 910 0.50 11.8
A-32-a 16 7200 2750 0.10 358.0
A-32-b 1600 2130 0,25 . 156.0
A-32-c 1600 0.50 10.6
A-64-a 4750 0.10 460.0
A-6u4-Db 3200 3860 0.25 193.0
A-6lY4~c 3200 0.50 10,6
B- 0O-a 0,10 117.0
B- 0-b 0 0 0.25 " 59,0
B- 0-c © 0.50 9.0
B-18-a : 1547 0,10 262.0
B-18-b 900 1075 - 0,25 110.0
. B-18-c¢ 300 0.50 . 10.7
B-37-a 24 7460 2750 0.10 340.0
B-32-b ' 1600 1950 n.25% 14¢.0
B-32-c 1600 0.50 12.7
B-6L-a 4300 0.10 380.0
B~Bl~b 3200 3700 0.25 170.0
B-6l~c : 3200 0.50 10.3
C- 0-a _ 0.10 101.0
C- 0-b 0 ) 0.25 50.0 °
C- 0-c ' 0,50 7.0
C-18-a 1100 0.10 192.0
C-18-b 300 955 0,25 85,0
C-18-c - : 900 0.50 8.9
C-37-a 36 6750 2000 0.10 208.0
C-32-b 1600 - 1730 0.25 105.0
C-32-c 1600 0.50 . 10.9
C-6l4-a S 3670 0,10 301,0
C-64-b 3200 3410 0.25 119.0
C-64-c 3200 0.50 10.0
D- 0-a 0.10. 66.0 =
D- 0-b ) 0 '0.25° 41,0 =%
D- 0-c 0,50 9.8 =
D-18-a 1065 0.10 140,0 =
D-18-b 900 980 0.25 79.0 =%
D-18-c 300 0.50 10,0 =
D-37-a H8 5600 1820 0.10 150.0 %
D-32-b 1600 1810 0:25 85.0
D-32-¢ 1600 0,50 10,4 =
D-6lU-a 3540 0,10 155.0 =
D-64-~b 3200 3510 0.25 87.0 *
D-6k4-c 3200 0.50 11.0 =

* Since the contribution of longitudinal reinforcement remains unknown,

Series D is not included in the analysis.



55

‘AN I3BVIM IV 3HNTIvd NOISN3L

vV S3IHIS O

VNIWONIHD 3I8NTIvd TVIIdAL  €-§ 91

LHOIZH-AIN 1V 3134ONOD JO ONIHSNYO

"AINO  3134ONOD 4O ONIHSNYD

RIS A B 2

S3dIM JO  3¥NidNy ANV
313¥0NOD 4O ONIHSNYD SNOINVLINWIS

D




55

vV S3I4IS H40 VNIWON3IHI 3I&N1v4 TvIIdAL €S 9ld

‘AN3 ¥DIVIM IV 3dNTI¥d NOISNEL THOIAH-AIN 1V 3L3YONOD 40 ONIHSNHO

SIHIM 4O 3dNldny ANV
ONIHSNYO AL34ONOD 40 ONIHSNYD  SNOIANVITINNIS




56

8 S3IY3S HJO VNIWONIHI 3H8NTIV4 TVIIdAL

‘ANZ dIMVIM IV 3dNTIvd NOISN3L

ONIHSNAO

7-G 914

'AN3 Y/HIVIM LV FLIHONOD d4O0 ONIHSNHD

L

a
VORI

SIHIM 4O J¥nidnd ANV

JLI¥ONOD 40O 9ONIHSNYD SNOINVLIINNIS




56

g S3/4¥3S HJO VNIWONIHI 3FHENTIV4 TVIIdAL

7-G 94

AN3 dI3MVIM IV 38NT7IVd NOISNIL ‘AN3 Y3IYVIM LV JL3HONOD 4O ONIHSNHD

o

31348O0NOD

‘SIHIM H0
340 9NIHSNYO

JdNnldnNyg ANV
SNO3INVLIINNIS




57

CRUSHING OF CONCRETE ONLY.

TENSION FAILURE AT WEAKER END.

/

FIG. 5-5 TYPICAL FAILURE PHENOMENA
OF SERIES C
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FIG. 55

TYPICAL FAILURE PHENOMENA
OF SERIES C
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TENSION FAILURE AT WEAKER END.

FIG. 5-6  TVYPICAL FAILURE PHENOMENA
OF SERIES D
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FAILED BY GENERAL BUCKLING.

TENSION FAILURE ‘AT WEAKER END.

FIG. 5-6 TYPICAL FAILURE PHENOMENA
OF SERIES D



Fig.5.7 Summary of Failure Phenomena of Test Specimens

(the top end of the specimen while casting)

L wires ~ o »
- e 0 : 18 ‘ 32 64
D .
a Crushing of Crushing of concrete and
(0,10) concrete at - simultaneous rupture of wire
A b: mid-height . Crushing of %
(16) | (0.25) ' concrete
c Tension failure of concrete at weaker end
(0.50) (the top end of the specimen while casting)
a Crushing of © | Crushing of concrete and Crushi -
concrete near | simultaneous rupture of wire czuzrlzg'o'
B the weaker end . . oncrete
(21) b : Crushing of concrete only only
o Tension failure of concrete at weaker end
(the top end of the specimen while casting)
a - . -
c Crushing of concrete only -
(se) | P 4 |
P Tension failure of concrete at weaker end
¢ (the top end of the specimen while casting)
a : :
1 p - Failed by general buckling
{u8) b o . o /
. e Tension failure of concrete at weaker end

-
Py
&

Since the load was too high; testing

failure,

not continued up to complete
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5.2 Effect of Léteral Prestress

Fig.5.8 p.62 shows the variation of failure load with
lateral prestfessf . It was found that the lateral prestress increased the
' e
D

load increased as the lateral prestress increased. The rate of increase

failure load in each type of specimens except for = 0.50. The failure.

of failure load decreased as the lateral prestress increased. This

showed the assumption for BK is reasonable in the form

) : :
BK o< F{ 1—1<?(——fz-)°‘ } erosereraroreriiannesa(5.1)

where K, and o are empirical coefficients.

]

5.3 Effect of Slenderness.Ratio

Fig.5.9 p.p3 shows the variation of failure load with

slenderness ratio. It was found that the failure load Pu decreased

it

as the slenderness ratio increased. It can be expréssed in the form

‘of the straight-line relationship

Pul‘t‘oc F{ Rl-R2 'IT } noooooqooono-ovoouooooo?ona(5n2)

‘considering the n% also affects the factor BK,

Ly

BK o< F{ _Ks-Kq =

oooaﬂoﬂaoooaoeeoloc<oooo°oa(5c3)

where R19 R29 K3 and KM are empirical coefficients.
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5.4 Effect of Eccentricity

Fig.5.10 p.éu shows the variation of failure load with

eccentricity %-o It was found that the failure load Pu decreased

1t

as %- increased. VWhen %-==0.50, Pult was approaching to zero since
these specimens with %*= 0.50 failed by tension failure of the concrete.

The assumption was that the tensile strength of concrete is zero and is
unchanged by lateral prestressing. This shows the application of Aé in

Eqn.4.6 in Chapter 4 is correct, where Aé is the area of the equivalent

compression zcne of concrete

- mD2 b2 2 D2

. . =1, 2e, '
'::-——-s—— — - — l _— ® 00 00800 O0Cee 4O o
Al = 2e e sin ( 5 : , (5.4)

Y 2

Furfhermore9 an empirical factor Re may be applied to the area of ‘the

equivalent compression zome Aé o Let it be in the form of

e, .
1] == 1 - —
Re Ac . Ac (1 RS D)

where R, is an empirical coefficient.

Considering the %- ratio also affects the factor BK ,

“then it is necessary to assume that

BKOCF{J-—KS %} oonooooouooouonoooaeooo-uoaouooonooac(506)

where K_ 1is an empirical coefficient.

5
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5.5 The Proposed Formula

Assuming the expression of EanOBSféfﬁKgs holds and

combining Eqns.5.1, 5.2, 5.35 S.b, 5,5, 5.6 and 5.7 from the effects of
~ lateral prestress, slenderness ratio and eccentbicity; a general eipression

of the relation between the failure load Pu and the final lateral

1t

-— . L . s e . . .-
- stress Ogs slenderness ratio T and eccentricity D> can be written in

the following form:

. 0 ’ B L
' 3Ha L el —
P'ul't Ac {0°85fc ¥ Kl[l K2 [fc':)] [1(3 Kl+ r]El K5 D] 03} :

- L el ' ;
IRl-R2 ;} {1-123-5}- | crenescsssscossl(5.8)

Using test results, the coefficients K KS, o, R

10 Koo Kgs Ko 17 Ry
and R3 for Eqn.5.8 can be found by trial and error as well as the
iteration method using computer progrémming.

5.5.1 Values of Empirical Coefficients R, and R,
When §-==0 and Es =0, Eqn.5.8 becomes
P .. =A! {0.85F'} {R.-R, 2} vevvevnnnnnnnoeeee(5.9)
“ult e e 1 20p ° srere

Since §-==09 Al ==Ac==nD2/4 for cylindrical section.

.The empirical coefficients _Rl and R2 in Eqn.5.9 can be
determined from the test results of axially loaded uawrapped columns from

Fig.5.1 p.53 by trial and error.
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Rl = 1,042 and R2 = 00,0057 were fitted to the test

results with a mean value of Pexp/Pult of 1.0443, standard deviation

of 0,0355 and the coeficient of variation of 3.40 %.

5.5.2 Values of Empirical Coefficients K K Ku and o

1° K90 Kgo

When ~% =0, Eé #+ 0, and R;s R, are replaced by the

values found in section 5.5.1, Eqn.5.8 becomes

' = Al '
Pyt = AL {O.BSfc t Ky 2{f,) ][1<3 K, P 3 }

{1,0'42- 000057%} -ocooeueono.-ooo-o(Sulo)

2 »

In this case, Aé ==Ac ==E%— for cylindrical section as §-==0.
The empirical coefficients Kl, K2, KS’ K, and a in

Eqn.5.10 were found from the test results of axially loaded wrapped columns

from Fig.5.1 p.53 by the same methods as in section 5.5.1. The values

Kl = 11.6
K2 = 0,715
Ks = 1.0%
Kq = 00,0056
e = 0,2
were fitted to the test results with a mean value of P /P of

exp " ult

1.0177, standard deviation of 0.0805 and the coefficient of variation

of 7.92 %,



67

5.5.3 Value of Empirical Coefficient Ry

Wheg 3-#=0,: Og =0 and Rl’ R2 are replaqed by the

values found in section 5.5.1, Eqn.5.8 becomes

L e
= AT v - = - £
Pult AC {0.85fc} {1.042 0'0057r} {1 33 D} .,.(5.11)

2 2 2 -
o= -2e [ - e? - s R

The empirical coefficient. Ry in Eqn.5.11 can be found from the test

In this case,

results of eccentrically loaded unwrapped columns, from Fig.5.2 p.54 -

by iteration method. The value of the coefficient R3 = 0,35 was found

to fit the test results with a mean vaiue of PeX /P of 1.0281,

ult

stéﬁdard deviation of 0,0253 and.the coefficient of variation of 2.47 %

"5,5.4 Value of Empirical Coefficient Kg

Substituting the values of R., R,, R

12 Roo K K and

33 Kls E 29 K3s le
o into Eqn.5.8, Eqn.5.8 becomes

93y0.2 .
= [ 9 - — ° -
P ot AAC{OQSSfc‘l'll,GA[l 0,715 (f(,:) ][1.04 o,ooss—;J

el = L s
E.‘-Ks j)_] 03} { 1-042-000057r} {1-0035-6§0 LA 0(51512)

KS can be found based on test results of eccentrically loaded wrapped

colunns (i.e. when %-%=O and Eé 7 0) from Fig.5.2 p.s5y by trial

and error, Hence Ks was found to be 0.66 to fit the test results
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with a mean value of PexP/Pult of 1,038L, standard deviation of 0.0587

and the coefficient of variation of 5.66 %.

5.5.5 The Proposed Formula
!

Finally, the proposed formula for the failure load of
laterally prestressed cylindrical concrete columns, either'concentricaliy

or eccentrically loaded, was determined to be

-

. 3y0.2
Pl A'{O 85f'+11 6[1 -0. 715[f.) ][1 ou-0. oos&—]

L{ ' e .
[1-0 ssD] } {1.0@-0.0057;} {1—0. 355} SRRERRL (5.13)

2 2 2 - .
where Al ==I%— - 2e %— - e? - %—451n 1 2%—) . for %- varying from

zero to 0.50.

Eqn.5.13 can be written in a simpler form as

= 'v ' o OQOOAUQODU.CQOIQUOOOQ. L]

Pult_ Ac {0,85fc T BK 03} R‘ (5.13a)
where

BK = 11, 6[1 0. 715 3 0. 2] [.'L ou4-0. 0056—][1—0 66D]"°°(5 13b)
and _

R :':'{10042"000057%}{1-0935’%} oaon'coeaouo‘oconooeooeo(Solsc)
The bending moment Mult due tq this failure load' Pult at the
eccentricity e is then

Mul’t =(Pult)(e) o.ooo-.oo,oooocnooacoonooocacaeeoe(s'oll‘})

In order to simplify the calculation of these equations

(Eqn.5.13 and Eqn.5.14), some charts were prepared for the terms Aé,
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BKs Ry Pult and Mult > and are presented in Chapter 6.

5.,5.6 Comparison Between the Values Calculated from the Proposed

Formula and the Test Results

5,5,6.a Comparison with Present Investigation

The'compérison betwegn test results Pexp of present
investigation and the calculated value Pult frpm the proposed formula
(Eqn.5.13) is.presented in Fig.5.11 p.70 .

| It shows that Eqn.5.13 gives a conservative value of Pult

for columns wrapped with single layer. Columns wrapped with double

layers, the values of Pu from Eqn.5.13 are a little bit higher than

1t
test results. This is because of that the'applicatioﬂ of double-layer
wirés has less effiéiency than thét of singlg-la&er wires. When the
outer layer wires were wrapped, it épessed on the inner layer wires and
reduced the prestress in the.inﬁer layer wires.. As the wrapped column
was beiﬁg loaded, the outer wires took more lateral stress and reached
the ultimate value before the inner la&er wires. After the outer wires T
had broken9 the lateral stress was then taken by the inner wire$ alone
and thus the inner wires failed too. The lateral stress cdqldbhot be
'distribﬁted to the two layers of wires equally. Thus longitudinal
failure load was then lower than it was expected.
The empirical formula fitted to the results with a mean of

/ of 1.0311, a standard deviation of 0.061 and the coefficient

Pexp Pult

of variation of 5.83 %. This shows the internal consistancy of the

proposed equation with all the test results is extremely good.



Fig.5.11 Comparison of Test Results Pexp

and Calculéted Values P
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Coefficient of variation = 5.827 %

nlt
Speci TP . 1P
pecimen oxD Pul + exp Specimen exp Pul + ~_exp
N L] - * * o o .

° (kips) | (kips) Pul‘t: No (kips) | (kips) Pul‘t:
A- 0-0 | 112,0 | 104,7 | 1,069 A- 0-a 120.0 | 118.6 | 1.0117
A-18-0 290,0 | 289.4 | 1.0020 A-18-a 290.0 | 265.0 | 1.0942
A-32-0 || 374.0 | 380.5 | 0.9830 A-32-a 358.0 | 3u3.7 | 1.0415
A-64-0 573.,0 |512,3 | 1.1184 A-6l4-a 460.0 |u42.9 | 1.0387
B- 0-0 || 111.0 |110.0 | 1.000u| | A= O0-b }i 63.0 | 58.7 | 1.0732

A-18-b- |[|.139.0 |123.5 | 1.1256
B-18-0 284,0 | 280.2 | 1.0134 , .

\ A-32-b 156.0 | 1#1.4 | 1.1035
B-32-0 364.,0 | 366.4 | 0,9935 B b 103.0- | 1581 | 1 onee
B-6u4-0 545,0 | 496.3 | 1,0982 - ° - ’

e 0-0 101.7 99.8 | 1.0187 B~ 0-a 117.0 |117.0 | 1.0000
: B-18-a 262.0 | 250.9 | 1.0uuu .
C-18-0 261.7 |.245.3 | 1.0668 .

- _ B-32-a 340.0 |[-323.3 | 1.0517
C-32-0 323.7 | 318.6 | 1.0161 Bobi 380.0 | 396.9 | 0.9571"
c-64-0 || 378.7 | 428.2 | 0.88uk mora S il By

= : B- 0-b 59.0 | .57.9 | 1.0189
D- 0-0 .|| 97.7 | 90.5 | 1.0800 B-18-b || 110.0 |102.2 | 1.0761
D-18-0 239,7 | 212.2 | 1.1294 B-32-b 140.0 |128,7 ‘| 1.0878
D-32-0 281.7 | 273.4 | 1.0303 B-64-b || 170.0 |170.1 | 0.999%
D~-64-0 319.7 | 364.6 | 0,8768 _ :
C- 0-a 101.0 97.9 | 1.0321
. C-18-a 192.0 -|183.5 | 1.0u62
C-32-a || 2u8.0 |234,0 | 1.0597
C-6u-a 301.0 | 306.6 | 0.9818
C~ 0-b 50.0 ug.4 | 1.0323
c-18-b |l 85.0 | 82,2 | 1.0335
C-32-b 105.0 |102.t | 1.0249
c-64-b || 118.0 |136.% .| 0.8725
exg
Mean of B = 1.0311
ult :
Standard deviation = 00,0601

{ VWAATRLD JCD RALISHTALINCE

/
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5,5,6,b Comparison with Previous Investigations

The comparisons between the calculated values Pult from

" Eqn.5.13 and the test results PeXP of Johnson's (17), Goldenbatt-Ratz's
(15) and Gambarov's (12,13) investigations are presented in Fig.5.12 p.72,
Fig.5.13 p.T3 and Fig.5.1% p.T3 reépectively. Tﬁe éomparisoné are
limited tov«%-==0 -since all previous investigations of wire-wrapped
columﬁs used concéntric loading only.

In Fig.5.12 p.72 , the comparison with Johmson's (17)
investig;tion9 ;hoﬁs the mean of .Pexp/P;lt of l.lOQH,'é stagdard |
deviation of 0;0971 and the coefficient of variation of 8.754 %.

In Fig°5.13 p.73 , the comparison with Goldenbatt-Ratz's
(15) investigétion,. shows the mean of 'PeXP/P ar °f 1.2222,_é standafd
deviationkéf 0.0428 and the coefficient of variation of 3.500 %.

In Fig.5.1% p.73 , the comparison with Gambarov's (12,13)

of 1.0702, a standard

investigation, ;hows the mean of Pexp/Pult

deviation of 0.1591 and the coefficient of variation of 14.862 %.
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FIG.512 COMPARISON BETWEEN CALCULATED VALUES Pult AND
TEST RESULTS Pexp OF JOHNSON‘S(17) INVESTIGATION

fe 63 Féxp Fut Fexp
SPECIMENS - (psi) (psi} (kips) | (kips) Rt
4870 44.65 | 44.60 | 1.0013
3680 | 400 39.60 | 37.07 | 1.0684
3470 40.75 | 35.71 | 1-1413
4870 51.60 | 53.59 | 0.2628
3680 670 49.60 | 45.42 | 1.0921
3470 50.30 | 43.92 | 1.1452
4870 56.40 | 61-35 | 0.9193
LENGTH =12 3680 | 930 56.20 | 52.51 | 1.0703
3470 59.60 | 5087 | 1.1716
4870 85.60 | 68.69 | 0.9550
DIAMETER = 3" 3680 | 1200 | 63.50 | 59.13 | 1.0740
3470 67-30 | 57.33 | 1.1740
3620 48.00 | 48.35 | 0.9928
L .16 4000 790 51.40 | 51.13 | 1.0053
r 3630 55.60 | 48.42 | 1.1483 |
3620 . 61.20 | 61.33 | 0.9979 !
e .o 4000 | 1320 67.90 | 64.63 | 1.0506 j
D 3630 70.70 | 61-42 | 1-1511 | *
3620 74.60 | 72.06 | 1.0353 (
4000 | 1850 | 77.70 | 7592 | 1.0234 ;
3630 , 87.70 | 72.16 | 1.2153 :
3620 83.20 | 80.93 | 1.0281 :
4000 | 2370 | 89.10 | 85.38 | 1.0436
3630 94.60 | 81-05 | 1.1672 T
3800 61.40 | 59.19 | 1.0374
3660 | 1160 | 69.60 | 58.02 | 1.1996
3880 , 71.50 | 59.85 | 1.1948
3800 85.80 | 7542 | 1.1376
3660 | 1930 | ©3.00 | 73.95 | 1.2576
3880 91.60 | 76.25 | 1.2013
3800 06.50 | 88.32 | 1.0925
3660 | 2710 [111.20 | 86.51 | 1.2854
3880 . 110950 | 89.34 | 1.2257
3800 11570 | 98.41 | 1.1757
3660 | 3480 | 120.20 | 96.25 | 1.2489
3880 | 12440 | ©2.62 | 1.2487 |
MEAN OF  Pexp [/ Pult = 1.1094
STANDARD DEV!ATION = 0.0871

COEFFICIENT OF VARIATION

8.754 %
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FIG.513 COMPARISON BETWEEN__CALCULATED VALUES Pult & TEST
RESULTS Pexp‘ OF GOLDENBATT-RATZE'S (15) INVESTIGATION

spECiMENs | €| G | o | R %ﬁp—
(psi) (psi) (kips) | (kKips) ult
LENGTH =118” | 4250 | 850 [1162.00{1001.57| 1-1602
DIAMETER = 14” | 4400 | 920 [1332.00[1056.31| 1.2610
L _337 | 4700 | 460 [1016.00| 84991 1-1954
;_ _ o 5100 | 910 [1432.00|114717 | 1.2483
5000 | 430 |1082.00| 868.30| 1.2461
MEAN OF  Pexp /[ Pult =1.2222
STANDARD DEVIATION = 0.0428
COEFFICIENT OF VARIATION = 3.500 %

FIG.514 COMPARISON BETWEEN CALCULATED VALUES Pur & TEST
RESULTS Pexp OF GAMBAROV'S (12 ,13) INVESTIGATION

| £ 6~ | P P Rexp
- 'C 3 exp ult
SPECIMENS (Psi) (psiy | (kipsy | (kips) Rut
LENGTH _31.5v | 7300 | 1200 | 237.00|272.24|0.8708
7500 | 1200 | 278.00| 276.66 | 1-0049
DIAMETER = 5.5”
7300 | 1200 | 311.00|272.24 | 1.1424
—%;- =229 | 8100 | 1200 | 285.00|289.78 | 0.2835
e' 8150 | 1200 | 316.00]|220.87 | 1.0864
D 0 8050 | 1200 | 385.00 | 288-69 | 1.3336 |
MEAN OF Pexp [/ Pult = 1.0702
STANDARD DEVIATION = 0.1591
a COEFFICIENT OF VARIATION = 14.862 <%

'
WAAYLLCOD A3 R EISMTALING
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CHAPTER 6

CHARTS FOR THE PROPOSED FORMULA AND DESIGN METHOD

Because the proposed formula is quite lengthy and cumbersome,
computer generated design charts have been prepared to simplify the
calculation of the proposed formula. A design method using the presented

ultimate load/moment/lateral stress interaction diagrams is also given.
6.1 Charts

The empirical formula summarizing the experimental results

is repeated below:

‘ 63 0.2 - L
- P .. =A o.,ssf'ﬂl.,s[l-o,?ls[—T) ° ][1.04-0.005&—]
ult c c fc T

ey - L e
[]._0 966'6] 03} {19042-0900571‘} {1-09353} 2 e0000 0 (5:13)

a
This equation can be rewritten in the form as given by Eqn.5.13a

= ! o o 0000000000000 0600000 SO Gol
Py — AL {0.85£) T BK 0.} R (6.1)
Eé 0.2 L e
where BK_=11.6EL-0°715(F) ° [1,04-0,0056; 1-0.665 | ....(6.1a)
C
and R =' {100'4’2"0@0057%} {1—0035%} coc 00 Qoo ouoooaocoooeno(ﬁo]-b)

Four groups of design charts are prepared in nondimensional forms, for
the values of Aép BK, and R 1in Egn.6.l1, and also the interaction of

axial load Pu

1t and bending moment Mu

1t°

TS AL s



6.1.1 Chart for- Aé Values

In section 4#.2.2, Aé was derived to be

2 2 . p2
1 = TD° _ L e £
AL =g 2e /4 e - 5 sin (.D

Dividing both sides by D? , it becomes the nondimensional expression

AS g B |
S —T._2 /r- )2 -%sin‘l(ge/n) coraronase(6.2)

Eqn.6.2 is represented by Fig.6.1 p.84 , from which the nondimensional
value of A(':/D2 can be obtained for e/D valueé ranging from e/D =0
to 0,50, - The magnitdde of Aé can then be obtained by multipling

AL/D® Dy the specified D2,

6,1.2 Chart for R Values

In Eqn.6.1, the reduction factor R is expresséd by Eqn.6.1b

R ={leoq’2-000057%} {1—0035‘%} oooooooo-ooomoo.soooo-ao(solb)

~The values of R Vcaﬁ be obtained from Fig.6.2 p.gs for the specified

L/ and e/D ratios,

6.1.3 Charts for BK Values

The parameter BK representing the increase in axial stress

capacity due to lateral stress with L/r, e/D and 'Eslfé s is éiven by

fiNECF
N

Femir-r e
SE A

LS SCS A4
I thars

23

LT
GEl

VAAYVILS
5
AT
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,

Eqn.6.,la as

Ql

BK = 11, 6ELO715 02][1 04-0, 0056—]ELO 66—] esso(6.1a)

The values of PBK can be obtained for the specified ratios of lateral
stress, slenderness and eccentricity ratios from Fig.6.3 p.gg throﬁgh

Fig.6.12 p.95 .

1

6.1l.4 Ultimate Load/Moment/Lateral Stress Interaction Diagrams

Dividing both sides of Eqn.5.13 by D?*f! , the load

equation becomes

P A!
—ult _ ¢ {o 85t11, 6[1 0,715 (= ,)0 2][1 ou-0. 0056—Ii
p2f! D2 fe
c

' E A ’ .
e 3 L e
'[1—0,663] (?Z)} {1.042-o°oos7;}{1-o,3&5} reeea(8.3)

where Aé/D2 has been described in section 6.1.1 Eqn.6.2.. Based on
Eqn.6.3, Figs.6.13 p.96 thirough 6.30 p.113 were plotted of interaction

diagrams with the nondimensional values of CP and CM9 vwhere

P
CP Ult QOOOODOOOOOOOOOOOOOQDQOQ'OOoltvculo(sﬂu) .
D2 f!
C
4 o P .. {e) M
and CM=CP(%)= Ult = ult 000060000500000000060000-(605)
p3 £ D3 £r

/
/ WAAN LLED i3 A P iTNA i



77

For any combination of lateral stress ratio ES/fé s slenderness ratio
o s e )
%- and eccentricity T the values of CP and CM can be obtained

from these diagrams. The magnitude of the ultimate load Pult and

moment M
u

1¢ can then be obtained with

Pul't CPD fC ooooooooouoo-o-ooeoano-ooonougo-oo-(SaG)

= 3 g . )
and Mul't CMD fc .ooooonooe?ooonoooootoofuototoao°-00(6'7)

B.1.5 Chart for Axial Tensile Force in the Wrapping Wires

The lateral stress at failure governs thélload éapacity of
those columns at failure. Hence, to predict the failure load,-it is
necessary to know tﬁe lateral stress at failqre. It is éuggested that -
the initial lateral prestress be .éO % of the ﬁiré ultimate teﬁsion and
that this-stress also be used.as the fipal lateral stresé at fai;ure,v

For the given values of dia@etef Dw and gltimate strength
fw of the wrapping wires, the axial tensile force T* ‘developed just

before the rupture of the wires is

. . 0000 ®000CO00CO00C0%00O 00 O0CEOCOCQCOO 98
by 'fw A : (5.8)

where A, is the cross-sectional area of the wire,

Fig.6.31 p.1l% shows the values of force T, which is 80 %

of T', against Dw for several selected ultimate strengths of wires.
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AN ‘
6.2 Example of Using The Charts to Predict Failure Load

Ao

For a plain concrete column with known values of concrete
strength, diameter, length, eccentricity and the final lateral stress at
the time of failure, the failure load can be predicted by using the design

charts presented in this Chapter. Let's take specimen C-32-a as an

example:

Specimen (C-32-a 3

Known : Effective length L = 54"
Diameter D = 6"
' .
£! = 6750 psi
'63 = 2000 psi
e = 0.6"'

Solutions :

L __BL _ ..
1) == D 36
£y

e _
-6_0010 -
o

3
F=003

(o]

2) Method 1 : Find the failure load and moment by parts:
From Fig.6.1 p.st for%= 0.1, it gives

A0
-£ — 0.588

D2

then, A] = 0.588(36) = 21.12 sq.in.
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From Fig.6.2 p.gs5 , for '%=='Ofl and %-==36, it gives
R = 0.808 _
: : _ : : 0'3 o L
From Fig.(G;S p-88 , for Tl 0.3, 3= 0.1 ‘and o= 36,

it gives PBK = 3.98
Then, the failure load and moment are
P, = 21_,l2(0.85féT3.9833)(0'.808) = 234000 1bs. and

M = Pult. (e) = 140400 ;n.—lb.

3) Method 2 : Find the failure load and moment from the interaction

diagrams : _
N e L_ e . 93
From Fig.6.23 p.1l06 , for ;=36, -B=0.l and F=0.3
. - c '
it gives C, =0.965 and C, = 0.0365
Then .
, 2 : ' S _
== ] ==
Pult .Cp D fc 234000 1bs. . and
= 3 £1 =] : in, -
Mult CM D fc 140400 in.-lb.

6.3 Design Method of Laterally Prestressed Concrete Columns

From the test :::A'es\.ll‘cs9 it is found that the magnitude of the

final lateral stress O, at the moment of column failure is between the

3
initial lateral prestress O, and the ultimate lateral stress G! ,
depending upon the failure phenomenon of the column. If it is known that

the column will fail simultaneouély by both crushing of the concrete and

rupture of wires, -63 can be replaced by 0;‘3 in the design formula.

However, in general, especially for the long columns with eccentric loads,



the column fails by crushing of the concrete, without rupture of the wire,

and the magnitude of Eé becomes unpredictable.

For design purposes, this difficulty can be overcome by

using the initial lateral prestress Og equal to the final lateral stress

Og in the design formula, and by speéifying'the percentage of 03/0% in

order to give a reasonable result.

In this thesis, it is suggested to that the initial lateral

prestress 03 be 80 % of the ultimate lateral stress oé s, and tq use

this initial lateral prestress for design, 1i.e. use 80 % of the ultimate
tensile force T' of the wire as the initial axial tension T applied to
the wires. This suggestion will probably give a conservative result but

will not be very inaccurate since the maximum 35 in this case is-just
3 within 20 %.

slightly higher than o

For a given column height L, concrete strength fé, design

ultimate axial load Pu the laterally

1t 1t °?

prestressed concrete column can be designed as follows:

and bending moment Mu

1) Choose a cross-section (diameter D) of concrete column.

2) With given data and chosen cross-section, calculate the values of:

e =MonePure
L _ AL
r D
c. =P . /(D% £')
P ult c
c, =u. /(0% and
M ult’ c A _
e/D
If -% > 0.50, choose another bigger cross-section until <% < 0,50,



3)

4)

5)

6)

Example :

81

From the appropriate interaction diagram, from Fig.6.13 p.gg

through Fig.6.30 p.113 , for the calculated %j, find the

required lateral prestress ratio 'Eslfé for calculated ‘CP
» . . ]

CM and ~% ratios. Then the required.latefal prestress
= (o ' ?
oy = (og/£) £,

Choose the diameter DW and ultimate strength fw of the

wrapping wires.  From Fig.6.31 p.ll4 , find the initial tensile
force T for the chosen wire.
Calculate the requiped pitch N of the wrapping, using Eqn.4.1 N
Total N; =0, D /(2f) wires/inch |
N, = 2T /(63 D) "inch c/c df.wires/layer'i
Check the pitch N, inch'c/c owairés/layer

if N, 2 DQ , (0.X.)

if N, <D , repeat from étep 4) with other size D, of wire,

. or redesign from step 1) with another cross-section D "of the

column section.

Design a laterélly prestressed concreté-colﬁmn to carry a design
ultima%e load of 416 kips and'bending moment 83.1 ffo-;kips°

The storey height is 10 feet. Concrete streﬁgth fé ==5900 péi°
Choose D = 12" for the cross section of the column.

e

83.1(12)

e 114
ult 416 2.4



3)

4)

5)

6)

7)

Putt 416000
° T 2.,  Tasoo0) ~ 0577
Cc
Maie 83100(12)
Cu = B 2012)(12)(5000) — 0SS
Cc

From Fig.6.25 p.108 , for = =10, £ - 0.2,

AL
5

!

CM = 0.1155, the required prestress ratio is

= 0.3

l'hl al
=l

0

Then the required lateral prestress is

gy = 0.3(5000) = 1500 psi

Choose the wrapping wire : size D, = 0.04",

Cp

f
W

82

= 0,5775 and

= 375 ksi.

From Fig.6.31 p.ll4 , the required initial tensile force applied

to the wire is

T = 377.5 1bs.

The total pitch of wires

_ D _ 1500(12) _ . .
Nl = 37 T 3(377.5) 23.8 wires/inch
say N, = 24 wires/inch, wrapped in one layer.
Check N2
= _]:. = " > = 11
N2 5k 0,0417 "'c/c Dw 0.04

Therefore, the designed column is then
Diameter D = 129

Wrapping wire : Diameter Dw = 0.0u"

(0 oKe)
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ultimate strength fw = 375 ksi
Pitch of wrapping . N2 = 24 wires/inch, one layer of wrapping,

Initial tension applied to the wire T = 377.5 lbs.
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CHAPTER 7

" CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

From this study, several principal conclusions are made as

Double (or more) wraﬁping is not recommended.
The load carrying capacity of concrete columns-can be increased
by prestressing the column by wrapping the column with wires

under tension.

s ens

For cyllndrlcal concrete columns, the relatlonshlp between the
failure load, concrete crushing strength, the flnal lateral _ '
stress at the time of column failure, eccentricity % < 0,50

and slenderness ratio, can be expressed in the form of

p . = A!§0.85£171L. GEL -0.715{=> 3 0. 2] [1 04-0. 0056—][1 0.6 ] }
ult D) %3

{1 .042-0, 0057£}{1-0 . 359}
r D

2 2 2
¢ _TD° _ D 2 _ D% . -l(2e) .
where Ac m 2¢ jp— - e 5~ sin (——-D)

Failure of wrapped columns is governed by the maximum lateral
stress '83 developed in the wires just before the column fails.
The magnitude of the maximum lateral Eé is bounded between

initial lateral prestress O, and the ultimate lateral stress
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oé’ which disappears when the wire breaks.
For columns of small slenderness ratio and small eccentricity,

columns will fail.by both the crushihg of the concrete and rupture

of the wires simultaneously. " The maximum lateral stress EB

is then equal to the ultimate lateral stress cé .

For columns of large slenderness ratio or large eccentricity

(for %-< 0.50), columns will fail by the crushing of the concrete

only, without the rupture of wires. The maximum lateral stress.

'Eé in between initial lateral prestress 0, and ultimate lateral

3

‘stress ©! is then unpredictable.

The lateral prestressing does not increase the tensile strength

of concrete.
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7.2 Recommendations for Future Work

To study analytically the effect of initial lateral prestress 04

and the ultimate lateral stress Gé on the maximum lateral stress

‘Eé at the time of column failure, for the laterally prestressed

concrete column under concentric and eccentric loads.

- L e
3 3 ] ] — —_—
(i.e. To study the ?elatlonshlp of Oz> O35 O3> T and D’
in order to express the unknown 03 in terms of the known values
: L e . '
1 = —
of 0'3,j ol!, and p in the fo?mula.)

To study the effect of lateral prestress on the reinforced
concrete columns under eccentric loadihg.
Study of long-term loading and creep behaviour of laterally

=rrat+rocsed columns.

Y -

To study the effect of the size and the pitch of wrapping wires

on the failure load of wrapped columns.-
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Fig.C.l Experimentel Failure Loads of All Specimens

Specimen [|Failure Load (kips)] | Specimen ||Failure Load (kips)
No. Individual] Mean o, Individual] lMean
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S Eh-b(1) 8.0 b-Cx 87.0
g:gi-gﬁé) igzno 170.0 _2:%%;9%2%.___%5;%_—-——-————~
BGh-c(1) 10.1 D-6h-c(l i 11.0
e Sl d0ws | 07 | o) 106 |









