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SYNOPSIS

Both experimental and analytical investigation of fifty five
partially prestressed concrete rectangular specimens under the combined

action of bending moment and axial thrust were carried out. Tests were

conducted under short term loading. Sectional dimensions of the speci-~
mens, concrete mix design and stress in the prestressing tendons have

been kept constant. The variables were the amount and arrangement of

L K R

longitudinal steel and total prestressing force.

These fifty five specimens were divided into eleven series
of five specimens each, Five of these series, PCl to PC5 were symme-

trically pfestressed; the steel ratio, AS/bd varied from .0191 to

.0066, The remaining six series, PBl to PB6 were unsymmetrically
prestressed with the steel ratio varying from .0136 to .0033. Each of
the five specimens within a series has been tested to failure under

= different transverse loads - the axial load ranged from 0 to 95 kips]

Three 6 in. x 12 in. control cylinders and two 3 in. x 3 in. x 12 in.

control prisms have been used to determine the concrete strength, the

Q initial tangent modulus of elasticity and the dynamic modulus of elas-
ticity of the ‘concrete for each series.

5 Analytical expressions for ultimate load, moment and curva-
. ture have been derived from the fundamental relations of equilibrium

of forces, moments and compatibility of strains. A computer programme
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wag used to calculate the moment-axial thrust interactions ard the
eccentricity-curvature reiationship,at ultimate load. These results
have been presented in graphicai form.
‘From the experimental work, momentrcurvature and transverse
load-deflection at midspan relations have been plotted, Corfelation
of experimental and analytical values of moment and curvature at

ultimate load has been good.
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1.1

CHAPTER 1

INTRODUCTION

GENERAL:

Beam-columns are structural members subjected to the com-
bined action of flexural and axial loading. Columns in multi storey
buildings are usually eccentrically loaded due to unequal live load
distribution as well as wind or earthquake forces. They are there-
fore acted upon by bending moments in addition to axial thrust.
Since plain concrete has very little tensile strength, concrete
columns are usually reinforced with steel bars. These bars become
effective when the concrete cracks in tension. But for structural
safety, fire-proofing or sometimes for aesthetic reasons, these
cracks have to be eliminafed. Concpete célumns prestressed with
high tensile steel reinforcement provide a solution. They have the
advantages noted:

(i) It may increase the ultimate load carrying capacify
of eccentrically loaded sections.

(ii) For precast columns subjected to transportation and
erection stresses, prestressing supplies a higher resistance to crack-
ing during handling.

(iii) Prestressing eliminates cracks. These sections
therefore have better fire and corrosion resistance. Should the
section becomes cfacked due to over-loading, the cracks will dis-

appear as soon as this over-load is removed.




1.2

(iv) Prestressing yields a homogeneous member with a

reliable buckling capacity. This is important for slender columms.

(v) Prestressed sections are usually smaller in cross-

section as compared to reinforced concrete. This results in a saving

of material and also is aesthetically more pleasing.

OBJECT:
~ The strength and deformation characteristics of rectangular

prestressed concrete beam-column sections under combinations of axial
and transverse loads were the principal objects of this investigation.

Both analytical and experimental study have been undertaken.

problems treated were the moment - curvature relationship, the load-
deflection characteristics, the moment-axial thrust interaction
behaviour and the variation of curvature at ultimate load with

eccentricity. Short term loading has been used.

Fifty five beam-columns, each 6 in. x 8 in. in cross
section, 62 in. long and prestressed by high tensile strands were

tested to failure. Sectional dimensions of the specimens, concrete

mix design and stress in the prestressing tendons were kept constant.

Variables used were amount and position of longitudinal reinforce-

ments and amount of total prestressing forces. These fifty five

specimens were divided into eleven series. Five series were symme-

trically prestressed and the remaining six series were unsymmetrically

prestressed. Each specimen within a particular series was tested

to failure under transverse load. The axial load level was varied

Specific
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from zero to 95 kips. At each transverse load increment, the moment-
curvature and the load-deflection relations were computed.

From the equilibrium of forces and moments and the compati-
bility of strains, analytical expressions have been developed for
the ultimate load, moment and curvature. Ultimate load capacity and
ductility of symmetrically and unsymmetrically prestressed sections
have been compared. Also the effect of reinforcement area on these
properties have been studied. The influence of ultimate strain of
concrete on the ductility of members has been investigated. Finally,

analytical and experimental results have been compared.

EARLIER INVESTIGATIONS:
(a) Reinforced concrete beam columns:

The reinforced
concrete beam-column members are compressed by external forces. The,
prestressed concrete beam—columns.are subjected to internal compres-
sive force in addition to external compressive force. It is expected
that the strength and deformational characteristics of the reinforced
concrete and the prestressed concrete beam-column members will be
similar. Most of the inyestigators in prestreésed concrete beam-
columns have used Jensen or Hognestad stress-blocks as used in the
reinforced concrete beam-columns. Earlier investigations in rein-
forced concrete begm-columns have therefore been included here.

An earlier study of rectangular reinforced concrete sectlons

fallnng in tension under combined bending and axial load was carried




(1)*

out by the Structural Bureau of Portland Cement Association

2)

basic assumptions of ultimate strength analysis.

(3,4)

using Jensen's(
Whitney developed semi-empirical formulae Ffor the

ultimate load of rectangular reinforced concrete sections failing in

compression under combined bending and axial load. He had assumed -

that there is always sufficient reinforcement to prevent tension

failure. Taking moments about the tension reinforcement, he obtained:

2A' f! bt £!
p=—S_Yp _ c
2 _ 3te  6dt - 3t°
ar - 2 2
d 2d

where P == axial load
Aé = area of compression reinforcement
f;ﬁ = yield stress of compression reinforcement
e = eccentricity of load froh centroidal axis
b = width of éection
t = total depth of section
£& ==c$mpression strength of 6 in x 12 in cylinder
d = distance from centroid of tension reinforcement to the
éoﬁpression edge

d' = distance between centroid of tension and compression steel.

For tensile failure of rectangular reinforced concrete
sections, Whitney'assumed rectangular stress block and developed

expressions for ultimate load and moment. Whitney also deduced

* Numbers in parentheses refer to References in Appendix.




equations for rectangular and cylindrical columns with round cores
on semi empirical basis. His deductions in general gave quite good
agreement with experimental values.

Eivind Hognestadcs) did detailed investigation on reinforced
concrete members subjected to combined bending and axial load. He
introduced assumed stress-strain diagram for concrete in flexure
which comprises of initial parabolic and then straight line variation.
This stress-strain relationship seems to agree fairly well with
experimental studies and has been used quite frequently by lafer

investigators. For the initial tangent modulus of elasticity of con-

crete, he used Inge-Lyse's equation:

Ec== 1800000 + u6v f'c where f'C is in psi.

Hognestad found that a constant average value of 0,0038 in/in was
quite satisfactorylas the ultimate strain for the concrete he had
used. He had neglected tensile strength of concrete and assumed
that there was no slip in between concrete and reinforcement and that

Bernoulli-Navier hypothesis of linear distribution of strain was

found reasonably accurate. His study covered both rectangular and

circular eccentrically loaded reinforced concrete columns. Consider~
ing the equilibrium of forces and moments, he developed basic
expressions for ultimate load of eccentrically loaded columns failing
in the modes of tension failure, compression failure and balanced

failure. Tests were conducted at the University of Illinois on 120 .




reinforced concrete colums of which 90 were square tied colummns and
30 were cylindrical spiral columns. Main variables used were amount
of reinforcement, quality of concrete and eccentricity of load. His

experimental values seem to agree reasonably well with theoretical

predictions.

(6)

Ernst, Hromadik and Riveland in 1953 obtained expressions
for axial thrust, bending moment and rotations for hinged reinforced
concrete colums using assumed stress-strain relationship of concrete
and steel. Hognestad stress-block for concrete with 0.0038 ultimate

strain and elasti-plastic stress-strain relation of. steel was used.

Deflection of column was determined from Cosine wave assumption
(7)

proposed by Westergard and Osgood.
(8,9)

In 1858, Broms and Viest obﬁained analytical solutioﬁs
for strength and deformation characteristics of both hinged and
restrained columns. They used Hognestad stress-~block of concrete
with 0.0038 ultimate strain and elagtic—plastic stress-strain
relationship of steel. Restraining moments produced by the adjoining
members were assumed proportional to the end rotations of colums.
Their recommendation formed the basis of 1963 ACI Code on eccentrical-
ly locaded reinforced concrete colums., |

At the University of Illinois, an analytical study of
ultimate strength and behaviour of restrained and unrestrained
reinforced concrete columns under combined bending and axial thrust

(10,11)

was undertaken'by Pfrang and Siess . The column and its adjoin-

ing members were supposedly removed from actual structure and then




by reascnable assumptions and selection of a realistic model, laboratory
testing conditions were simulated. Unlike previous investigators,

their method of analysis did not include any predetermined shape of
deflected column and did not require extensive simplifying assumptions
as to the character of the structural system or the cross-sectional
properties of the members. Numerical solutions for three hundred
specific cases were obtained using a computer program. The

variables investigated were slenderness ratio, ratio of maximum end
eccentricity to depth of colum, ratio of maximum to minimum end
eccentricity, degree of end restraint and percentage of reinforcement .
Hognestad stress block for concrete with 0.004 ultimate strain, elasti-
plastic stress-strain relationship of steel, restraining moments
produced by the adjoining members and numerical integration procedure
were used to determine the lateral deflection of colums. From this
study they concluded that increasing the coefficient of end restraint
always increases capacity of a given column. Decreasing the ratio

of end eccentricities effectively increases the stiffness of colum.
Increasing eccentricity of load decreases columm capacity and the slender-
ness ratio is.quite significant in determining the ultimate capac ity

of restrained and unrestrained columms.

(b) Prestressed concrete beam-columns:
An early investiga-

tion of prestressed-concrete columns under axial load was made by

(12)

Bréckenridge at the University of Southern California in 1953,
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The object of his investigation was to determine the effect of
prestressing on the ultimate superimposed axial load of long colums
and the loss of prestress due to the superimposed load. The colum
sizes used in his tests were lr%-in X 2 inand 3 in x 3 in in cross-
section. Nine of the columns were post tensioned and one pretensioned,

all with 1 - 1/4" dia wire. The h/r ratio varied from 24.4 to Lk.9

where h is the length and r is the minimum dimension of the specimen.

- Electrical resistance strain gages were installed on the four faces

of the columns at mid height to measure the strain produced by the
superimposed load. The loss of prestress was obtained from another
gauge installed on the prestressing wire. Based on these tests,an
expression was derived for the loss of prestress due to superimposed
axial load. Formlae for the stresses in an axially prestressed and
eccentricaliy loaded column were developed., It was concluded that
prestressing with a single unbonded goncentrically placed tendon had
no effect on the critical superimposed load.

At the University of Florida, Ozell and Jernigan(ls)
conducted tests on 41 full size prestressed concrete colums and 6
reinforced concrete columns. Nominal colum sizes were 7-3/u4" x 7-3/u4"
and 6" x 6. There were 16 groups determined by the h/r ratio and
the amount of reinforcement. The prestressed concrete colums were
pretensioned with the percentage of steel varying from 0.53 to 2.50.
The slendermess ratio ranged from 10 to 32. Based on these test
results, ﬁhe authors obtained an empirical formula for the ultimate

load capacity of prestressed concrete colums. Theoretical studies




were made of the initial curvature of columns as computed from the
test results. It was observed that in the columns tested, the
maximum initial curvature was about h/417. lateral ties were found
to have a beneficial effect on the lateral buckling of these columns.
The optimum value of p, ratio of reinforcement area to the area of
concrete ;for h/r ratios of 20 and 30 was found ta be 1.25 percent for
the type of wire used. Under axial load, the prestressed concrete
columns with h/r ratio of 20 had a lower ultimate strength than
reinforced concrete colums. But for h/r ratio of 30, prestressed
and reinforced concrete columms had the same strength.

(14) at the University of Florida made a theoretical

Paul Zia
investigation of the ultimate strength of slender prestressed concrete
columns. Analytical expressions for the stress distribution and the
plastic equilibrium at the ultimate load by means of Jensen's
hypothesis were developed. Since thg expressions were mathematically
complicated, the author prepared a set of curves to facilitate the
analysis. His results compared favourably with the experimental
results obtained by Ozell and Jemigan(la). It was observed that
for h/r less than 25, prestressing penalizes the strength of colum.
Optimum prestressing for h/r between 25 and 35 appeared to be
between p = 0.5 percent‘ to p = 1 percent. Too little prestressing
was detrimental to the flexural resistance of the column whereas
too much prestressing reduced the axial load carrying capacity.

At the University of Califarnia, Berkeley, Lin and his

associates have conducted both analytical and experimental investiga-




tions of prestressed concrete colums under eccentric loading. In

1957, Lin and Itaya(ls’ls)

tested a single pregtressed concrete
column under eccentric loading as a demonstration fop delegates to
World Conference on Prestresseq Concrete. The column was a 16 in.
octagonal shaped cross-section, 25 ft,. long and was prestressed by
13- - 3/8 in.dia 7 wire strands. Spiral.ties were used. Elasti-
plastic stress-strain relation of steel and Jensen's stress-block
for concrete.were used. The elastic and plastic behaviour of the
columm were determined both experimentally as well as analytically.
Lee(l7) applied the simplified Von Karman's theory(ls)
for eccentrically loaded columns and Jensen's stress-strain relation-
ship of concrete to partially prestressed concrete columns with end
restraint, Elasti—pléstic stress-strain curve of steel was used
and it was assumed that prestressed concrete was capable of taking
tensile stress of upto 0.12 f! .

(19) investigated the elastic and plastic

Lin and Lakhwara
behaviour of two partially prestressed concrete colums under
eccentric load. Both analytical and experimental study was done and
the results were compared. The columns were 6 in. x 6 in, and 10 ft,
long. U4-1/2 in dia mild steel bars at the four corners were used.
The colums were centrally post-tensioned by 1-5/8" dia high tensile
bar. The two columns were tested to failure by loading with end
eccentricities of 2 in. and 3 in. The elastic analysis was found

to be satisfactory upto the cracking load and thereafter a plastic

analysis was used,




(20)

Harold Tai developed expressions for the ultimate
analysis of partially prestressed concrete columis under eccentric
load. A computer solution was achieved. Two different column sections
were'used. One colurn section was 6 in. x 6 in. with A, = 0.8 sq.in.,
Asp = 0.306 sq.in. and Pp == 34884 lbs. The second column section
was 12 in. x 12 in. with A_ =1.76 sq.in., Agp = 0.5752 sq.in. and
Pp = 86280 1lbs. Both these columns were concentrically prestressed
and eccentricity ratios of load were 1/12 and 8/12 .

(21)

Sandrini developed a computer solution for partially
prestressed concrete columns under eccentric load. . Strength and
deformational characteristics of eccentrically loaded partially
prestressed concrete columns were investigated. A modified form of
Jensen's stress block with the ultimate compressive strain of 0.003
for concrete was used. Results were compared with Lin and Lakhwara's
experimental values and good agreement was obtained.

(22)

Zia and Moreadith conducted an analytical investigation
of the load carrying capacity of rectangular prestressed concrete
columns with hinged ends. The effect of concrete strength, steel
percentage, slerderness ratio and eccentricity on the strength of
columns were investigated. On the basis of results, a simple design
procedure was proposed.

(23,24) investigated the influence of the

Zia and Guillermo
variation of columm cross-section, amount and location of prestressing

reinforcement and concrete Strength on the ultimate strength of

11




prestressed concrete columns under combined bending and axial thrust.
Nine widely different AASHO-PCI pile sections with slight modifica-

tions were analysed. Dimensionless interaction diagrams were found

to resemble those of reinforced concrete sections, but the mode of

failure was different.

At the University of Melbourne and later on at the Univer-

5)

sity of California, Berkeley, Az:'oni(2 conducted analytical and

experimental investigations of the behaviour of slender prestressed

concrete colums under eccentric load. A total of 36 slender
eccentrically loaded, hinged, axially prestressed concrete columns
were tested., The variables studied were eccentricity, slenderness
and prestress. Columns were 2.02 in. x 3 in. in cross section and
pretensioned by 4 high tensile steel wires of '0.198 in. diameter.
The analytical solution was based on thé'cotangency criterion, the
finite element technique and the successive approximation method.
Thirty prestressed concrete columns were tested by Brown and

Ha11 (26,27)

at the Uhiversity of New South Wales, Australia. The
main variables examined were the degree of prestress and the

eccentricity of the loading. Five different degrees of prestress

ranging from zero to a little above 0.5 fé were used. Eccentricity

ratios were varied from 0 to 2. From the results obtained, it was
observed that for axially loaded columns with slenderness ratio of
about 33,vsmall prestress of up to 0.3 fé would decrease load

carrying capacity. But for large eccentricities, the presence of

prestress affects the capacity of a column only slightly. Capacity

12
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of columns were increased by large prestress of up to 0.6 f'c .

(28)

Kabaila and Hall presented a computer analysis of

rectangular, symmetrically reinforced unrestrained prestressed con-
crete columns. Continuous stress-strain relationship of concrete

(29)

as proposed by Rusch has been used. The analytical results
were compared with Brown and Hall's exXperimental values. The accura-
cy and range of validity of two other approximate analyses were also
discussed,

At the University of London, U.K., K.J. Brown(30) developed
a theoretical inelastic analysis to determine the ultimate load
carrying capacity of hinged prestressed concrete columns under short
term loading. This study included the effects of slenderness ratio,
magnitude and position of prestress and eccentricity of load.

Tests of earlier investigators have been mainly confined
to the concentric prestressing(lg’20’23’24). The important variables
studied were the amount of prestress, fhe eccentricity of load and the

(19,20)

slenderness ratio. .Lin and his associates have mainly used a

single concentric tendon with varying amounts of prestress. Additional
mild steel bars were used at the four corners of the beam-column

‘sections. Nine widely different AASHO-PCI pile secctions under con-

centric prestress were investigated by Zia and Guillermo(23’2u).

Buckling of the slender prestressed concrete beam-column sections

vere studied by Zia and Moreadith(22)

(28)

and also by Kabaila and Hall
(20)

. Using Jensen stress-block, Tai obtained analytical values

of the ultimate load of rectangular prestress concrete beam-column
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sections under concentric prestress. But his results differed by
25% from the experimental values of Lakhwara<lg) . Sandrini(2l>
modified the value of ultimate strain of concrete in Jensen stress-
block to get better correlation with experimental results. Lee(l7)
has concluded that the Hognestad stress-block gives a better approxi-
mation of the actual stress-strain relationship of concrete.

In the test series reported here, a comparative study of
the merits and demerits of a wide range of concentric and eccentric
prestressing has been done. The amount of longitudinal steel rein-
forcement has been varied from 0.1598 sqg.in. to 0.9186 sq.in. The
eccentricity of the load ranged from O to 27 inches. The sectional

dimensions of the specimens, the concrete mix design and the prestress-

ing stress in the tendons have been kept constant.

IMPORTANCE OF STUDY:

Compression members in most of the concrete structures as
well as some flexurél members may be subjected to combined bending
and axial thrust due to unsymmetrical loading, wind or earthquake
forces. A thoréuéh investigation of the strength and deformational
characteristics of compressibn members under combined bending and
axial thrust is therefore needed.

Although the ultimate strength of prestressed concrete
sections under concentric load as well as combined bending and axial

thrust have been investigated both experimentally and analytically,

14




comparatively little work has been done to verify rotations at
ultimate load. In the limit analysis of concrete structures,
rotation capacity of the hinging sections are important for complete
redistribution of moments. |
Moment-axial load interaction diagrams can be quite conveni-
ently used to investigate ultimate load capacity and mode of behaviour
for material failure of beam-column sections. Any combination of load
and moment inside the interaction envelope may be considered as less
than ultimate capacity. Thus the interaction diagram represents
ultimate capacities for material failure under short term loading.

Loads higher than balanced load, P, would initiate failure in

b

compression mode; whereas loads lower than Pb would lead to tension
mode failure. In the compression mode, either compression hinge or
compressive hinge may occur. In the compression hinge, both tensile and
compressive stresses are present in the section. In compressive
hinge only compressive stresses are present throughout the section
It is however quite.important to find out whether compression and
compressive hinges are admissible for beam-column sections and if
not, how to prevent their occurreﬁce.

Limit analysis of concrete structures allow redistribution
of moment among the different hinging sections in a structure at
high loads. But redistribution of moments is controlled by rotation
capacity of the different hinges. In case of reinforced and

prestressed concrete, the ultimate compressive strain, g may range
u

15
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from 0.003 to 0.007. Hinge rotation therefore must be limited to a
certain range in order to avoid excessive flexural cracking and
deflections. An attempt has been made in this thesis to derive
analytical expressions for rotations at ultimate load for the differ-
ent types of hinges occuring in prestressed concrete beam-columm
members. A number of factors might influence curvature at ultimate-
load in prestressed concrete beam-column sections-—— the ultimate
concrete stress and strain, the yield stresses of reinforcement, the
amount and position of longitudinal reinforcemeﬁt, the amount of
stirrups, the cross-sectional dimensions, bending moment, axial
thrust, the amount and position of precompression. Some of these
variables have been studied in this investigation to find out their

influence on rotational ductility.
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NOTATION:
Symbols have been defined where they first appeared in this
thesis. However, in this chapter, all the symbols have been arranged

in the a'lphabe*cical order for ready reference.

a = " depth of stress block

As = area of steel reinforcement

As l’As2 - areé of first and second layer of compression reinforcement
AsS’As y = area of first aﬁd second layer of tension reinforcement

Aé = area of compression rginforcement

b = width of specimen

cc = cover to fhe first layer of.compress ion reinforcement

CT,kb ‘ = cover to the first layer of tension reinforcement

17
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moment contributed by concrete

compressive force in concrete

distance of centroid of first layer of tension reinforce-
ment from the extreme compression edge of the specimen
distance between centroid of tension and compress ion

re inforcement

eccentricity of the load from the centroidal axis of
the section

initial modulus of elasticity of concrete

resonance modulus of elasticity of concrete

modulus of elasticity of prestressing tendons
compressive strength of concrete from cylinder test
prestressing stress in the tendbns

steel stress at ultimate ioad

yield stress of prestressing tendons

yield stress of compression reinforcement

actual length of specimen

distance between first and second layer of compression
sfeél

distance between first and second layer of tension steel
stress block parameters

ultimate moment at balanced failure

ultimate'moment at zero axial load

plastic moment capacity




H

Ryd, Ryd,

Ryd, R d

T1,T,,Tg,T

1’2’ 4

€1°€2283:8,

€
cu

“st
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ultimate moment

moment at the commencement of yielding of tensile steel
load

axial load

axial load at balanced failure

ultimate axial load

Asl/bd

A__/bd

s2

Asa/bd

Asq/bd
p fsu/f'c (tension reinforcement index)

minimum dimension of the section

section parameter

total depth of section

moment contributed by the steel

total force contributed by the steel

forces at different layer of steel

strain in the different lavers of steel

concrete strain at the level of tension steel
strain in steel

ultimate strain in concrete

ultimate curvature at zero axial load

ultimate curvature

unit rotation at the commencement of yielding of steel
total concentrated rotation at the yielding section

unit rotation
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CHAPTER 2

INELASTIC BEHAVIOUR OF CONCRETE AND STEEL

2.1 INELASTIC BEHAVIOUR OF REINFORCED AND PRESTRESSED CONCRETE MEMBERS:

Ever since the publication of notes by M. Koenen,authors
have argued that classical elastic theory does not clearly guarantee
safety and economy of reinforced and prestressed concrete sections.

The consideration of the inelastic character of concrete near ultimate
load is therefore necessary. The sasié assumptions of these writers
may be summarised as follows:

(a) Distribution and magnitude of concrete compressive stresses.

(b) Ultimate strain of concrete or limiting depth of neutral axis.

(c) Tensile stresses in concrete may be ignored.

(d) Bernoulli-Navier hypothesis of linear distribution of strain.

(e) Absence of slip between concrete and steel, that is, perfect bond.
(f) Stress-strain relationship of steel.

Most of the earlier investigators have assumed that concrete
does not resist tension, that Bernoulli's hypothesis is valid and that
there is perfect bond between concrete and steel. Hognestad(5’32’3;)

has summarised the results of these earlier investigators in his assump-
tions for an analytical solution of eccentrically loaded reinforced con-

(3u4)

crete columns. In June 1963, American Concrete Institute published
Building Code Requirements for Reinforced Concrete which confirmed the
inelastic analysis in the ultimate strength design of reinforced and
prestressed concrete members.

To illustrate the extent to which quantitative expression of
inelastic concrete stress distribution is of importance for practical,.
design purposes, the basic equations for flexural strength of the

rectangular prestressed concrete beams may be presented. It is

assumed that tensile stresses carried by concrete may be neglected
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in sections subject to bending. As shown in Fig. 2.1 **, properties of
inelastic concrete stress distribution are represented by the follow-
ing coefficients:

kl = ratio of average stress to maximum stress

k2 = ratio of depth to resultant of conpressive stress and
depth to neutral axis.

k3 = ratio of maximum stress to cylinder strength, fé

The equilibrium of forces and moments for bending of a
section with only tension reinforcement gives:

Cu == 'I‘u where Cu = compressive force of concrete

Tu = total tensile force of steel

* 1 =
o kykgElba =Af_ | (2.1.1)

where Db = width of the section
a = depth of stress block
f_ = stress in tensile steel at the ultimate load

sSu

.o Mu '==A'stu d - kza) (2.1.2)

vhere Mu = ultimate moment

d = distance from the centroid of tensile steel

to the compression edge

** Figures have been presented in Appendix A.
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For the under-reinforced sections, ultimate strength is
controlled by the tensile stress of steel. The steel stress at the
ultimate moment, fsu is then equal to the yield stress, fy:

k k

. — 2 1 - 2
A Mu bd fc q, (1 - qu) A f d (1 klka qu)

(2.1.3)

_su
where q, = tension reinforcement index = p Fro

c

If there are several layers of steel with different values
of stress at ultimate load, fsu , steel area, As and effective

depth, dn » equation (2.1.3) becomes:

— k :
- ' 2
L The? £ (g [ -@?3‘.(7-%’]

i K
2
Asfyd [l - k—lk‘s- (2 qu)] (2.1.3a)
AT LA f d)
where Zgq = 2 (bszu and d = 5 (Asfsu)n
' s su

It is observed that when the ultimate strength of the
section is controlled by the tensile stress in steel, the effect of

the assumed concrete stress distribution is represented by the ratio




When the ultimate strength of the prestressed concrete
section is governed by compression, concrete crushes without the
yield of the tension reinforcement. Linear distribution of the
strain then may be assumed in computing the stress in tension and

compression reinforcement. From Fig. 2.1

(2.1.4)

where eu = ultimate concrete strain

ecu = concrete strain at the level of tension steel

By combining equation (2.1.4) with
equations(2.1.1) and (2.1.2), the stress fsu as well as the ultimate
moment , Mu may be obtained. It is then.necessary to know the ulti-
mate concrete compression strain, €, and independent values of k2

and klks'

To illustrate this, the balanced steel ratio, for

Py
which yielding of steel and crushing of concrete in compression zone
take place simultaneously at ultimate strength may be computed by
solving equations (2,1.1) and (2,1.4):

€ bl

.}gi (2.1.5)
u. ey 'y
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where ¢ = strain in concrete at the level of tension

cy

steel, when the steel yields.

For balanced reinforcement:

€ €

= hd2 £ — - u
Mu bd fc klkS €E + € & _ k2 E_+ € )
u cy u cy

It is therefore found that reliable information regarding

the values of k2, k.k, and €, in the inelastic stress distribu-

13

tion are essential for understanding the behaviour of prestressed

concrete sections.

(2.1.6)

For design, it is convenient to consider a rectangular

stress distribution as shown in Fig. 2.2 This has been proposed in
the ACI Building Code 318-63. Use of the rectangular stress distri-

bution tacitly assumes that k2 ==kl/2;'. This corresponds closely

24

to the geometry of the actual inelastic concrete stress distribution. If’

the depth of the equivalent rectangular stress-block is chosen as
kl times the depth of neutral axis, all equations for the ultimate

strength of rectangular cross-sections are identical to those obtain-

. - -
ed by Fig. 2.1 for k2 kl/2 .

In case of the non-rectangular sections and for non-

symmetrical bending of rectangular sections such simple mathematical
expressions are difficult to obtain. In many practical cases, and

particularly when ultimate strength is controlled by tensile stresses

of steel, the errors involved in the use of rectangular stress
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distribution is small.

PLASTIC DESIGN IN STEEL:

Plastic design is a structural steel design method which
takes into consideration the inelastic behaviour of structural steel
and defines the limit of structural usefulness as the load attained
when a sufficient number of plastic hinges have formed to transform
the structure into a mechanism.

To trace the origins of plastic design, it may be noted

5)

that as early as 1914, K'azinczy(3 suggested the development of

plastic hinges in continuous structures near ultimate load. In the

(36) Neal(37) (38)

United Kingdom, Baker ) Horne(ag) and

(40)

» Symonds
Heyman have made considerable contributiens in developing
plastic design into a full-fledged structural design method. 1In the
United States, plastic design has been accepted through experimental
’ 41) (42)

work and publications of Beedle and his associates( , Prager
and Hodge(ua).
Approaches of the various authors have been different,
but all of them recognised the following conditions as essential
requircments for collapse of a structure:

(a) Bending moment distribution must be in equilibrium
with external loads.

(b) A sufficient number of plastic hinges must exist to

transform either the entire or part of the structure into a mechanism.
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(¢) Full plastic moment capacity of the section would

nowhere be exceeded.

LIMIT DESIGN:

Limit design is an inelastic theory of statically indeter-
minate concrete structures in which readjustments in the relative
magnitude of the internal moments and forces at various sections are
recognised at high loads. Individual sections may be designed
either by ultimate strength design or by straight-line theory. How-
ever, it would appear to be logical and consistent to use inelastic
methods of design both for the whole structure and for the individual
sections.

The moment-curvature relationship for a structural concrete
section, before yield of reinforcing stéel, is a curve similar to a
part of stress-strain curve for concrete. When the reinforcing steel
yields, the curvature increases rapidly with little increase in mo-
ment. The resultiné moment-curvature curves are as shown in Fig. 2.3,
The bending moment at which the curvature increases rapidly is usual-
ly referred to as fhe plastic moment, Mu .

In a statically indeterminate structure the stiffness of a
member at any particular critical section will be considerably reduced
when the bending moment at that section reaches the plastic moment
capacity of the sectioﬂ, Mu. This reduétion in stiffness results
in a redistribution of the bending moments in the structure. Full

redistribution of moments is said to occur if the ultimate moment
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capacity of all the critical sections in a structure are developed
before the collapse of all or part of the structure.

To simplify calculations, it is convenient to represent
the moment-curvature relationship of an under reinforced beam by
two straight lines, shown by idealized dotted line in Fig. 2.3.

This idealized curve implies constant stiffness of the section until
the plastic moment is reached, and then increasing deformation
without furtger increase in moment. The ultimate strength of the
section, based on the yield point stress of the steel, may be used
as the plastic moment. This idealized moment-curvature relation-
ship can be used to establish the load-moment relationships for any
of the critical sections in a statically indeterminate structure in
concrete.

Use of the idealized curve implies that the hinging section
will continue to maintain its full pléstic moment while developing
suffiéient rotation to enable full redistribution of moments to
occur. Whether or not full redistribution of moments will occur in
a particular concrete structure, therefore, depends upon the rotation-
al capacity of the hinging sections.

Four theories of limit design for concrete structures will
be reviewed briefly, as being representative of the many theories
which have been developed.

(44)

Ernst modified the moment-area theorems to include

the behaviour of structures in the inelastic range. Unit rotation

PR E' L
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diagram instead of the conventional M/EI diagram was used. At a
section developing its ultimate strength, the unit rotation eu is

given by:

eu ==(eu + Est)/d where

€, = maximum concrete compressive strain at ultimate load
€t = maximum steel strain at ultimate load

d = effective depth of the section.

The unit rotation diagram with the definite yield length and with
localised yield would be as shown in Fig., 2.4a and 2.4b. In the
second case the yield is considered to be spread over a length A ,
the total concentrated rotation at the yielding section, ep is
therefore

ep ==A(6u - eo) where 6, is unit rotation at the

commencement of yield of steel.

In the analysis of continuous reinforced concrete beams,
Ernst has applied this adaptation of the moment-area theorems to
check the concentrated rotations necessary at all the hinging sections
if full redistribution of moments is to occur. In this calculation,
the concentrated plastic rotations are considered to act as concen-
trated loads on the conjugate beam. The concentrated rotations so

calculated are compared with experimentally determined values to

check whether they are admissible.




(45)

Sawyer replaced the idealized ﬁoment curvature dia-
gram by the nonideal one(Fig. 2.3) in which moment in the plastic
region increases linearly from the moment at the commencement of
steel yield, My upto the ultimate moment of the section, Mu .

Continuous beams and single-bay portal frames are analyzed
by a trial and error adaptation of the elastic centre method. In
this analysis the total plastic rotation in any particular region
of maximum moment is considered to be concentrated at the point of
maximum moment. All parts of the beam or frame away from the points
of maximum moment are assumed to have constant stiffness. The trial
and error process is continued until the components of the movement
of the elastic centre due to the effect of both elastic and plastic
deformations is zero.

(48)

Baker stated that a structure 'n' times statically
indeterminate would develop 'n' yielding hinges under increasing load
prior to failure. For the purpose of calculation, the yielding is
considered to be coﬁcentrated at 'n' points. The rest of the members
between these 'n' points are assumed to behave elastically. The
ultimate strength of the structure is reached when a very small
additional increment of load would cause the formation of one or
more additional hinges, thus producing collapse of the structure.

It is considered that the plastic moments at each yielding

section (xl s x2...) remain constant under increasing load. There-

fore, on the formation of the 'nth' hinge, the structure becomes
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statically determinate. Using the standard influence coefficient
equations it is then possible to calculate the plastic rotations
of the hinging sections (Gl » 6, ...) if full redistribution is to
take place.

Berwanger(u7) has applied the idealized moment-curvature
diagram, normally assumed in the plastic design of steel,to continu-
ous concrete beams and single or double storey framed structures in
reinforced concrete, Initially, the value of the ultimate load, the
bending moments at ultimate load, the hinge locations and their
plastic moment capacities are determined by the plastic moment dis-
tribution method. The relative moments of inertia of the critical
sectioﬁs are determined as being directly proportional to their plas-
tic moment capacities. Once the distribution factors, carry-over
factors and the fixed end moments have been determined from an
appropriate assumptiqn for the variation of the flexural rigidity of
the structure, a conventional elastic moment distribution is perform-
ed. From the consiaeration of this initial elastic moment distribu-
tion and the plastic moment capacities of the hinges, the location
of the first hinge is determined, and the load at which it is formed
is calculated. A subsequent elastic moment distribution is perform-
ed considering a modified elastic structure having a hinge of zero
moment capacity where the plastic hinge is located and being loaded
with the increment of loads beyond the load required to produce the

first hinge. The second hinge location is found from a consideration

30
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of the summed elastic moments and the plastic moment capacities from
which the load at which it forms is computed. Additional elastic
moment distributions, using Successively modified elastic structures
such that hinges of zero moment capacity occur at points where plas-
tic hinges have been located, are performed for successive load in-

crements until all hinges and their loads have been determined.

~From the information provided by the successive elastic moment dis-

tributions, the required ductilities op rotations are computed at
the early forming hinges. The critical sections can be designed

for their plastic moment capacities and adequate rotation capadities.
The working loads and moments can be determined from the ultimate

loads by the application of a suitable factor of safety.

PLASTIC AND LIMIT DESIGN COMPARED ;

Though simi;ar in approach, plastic design of structural
steel and limit design of concrete differ in two important respects:

(1) Rotation capacity: Plastic design emphasizes the
formation of a sufficient number of plastic hinges to transform the
structure into a mechanism. Ultimate rotation needed at the first
hinge for the formation of all other necessary hinges is not of much
concern. Under normal conditions, ultimste strain of mild steel is
greater than 15 percent and farp exceeds the strain reguired by mo-
ment distribution in any section.

In the. case of structural concrete, ultimate strain in flexural
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compression ranges from 0.3 to 0.7 percent; the ultimate strain in
tension reinforcement, depending on the amount and position of rein-
forcement varies from less than 0.5 percent to over 2 percent. The
rotation capacity is an important con;ideration in the limit design
of concrete. Moreover, to avoid excessive flexural cracking, hinge
rotations must be limited to certain limits even when considerable
rotation capacity is present after cracking.

(2) Distribution of moment resistance: Unless cover
plates or variable depth sections are used, the positive and nega-
tive moment resistance of structural steel members are equal and
constant along the entire length of a member. Plastic design of
steel is thus more economic than elastic design. On the other hand,
inelastic structural analysis must ensure that all three design
conditions, namely, equilibrium, collapse mechanism and yield con-

dition are fulfilled.

In case of structural concrete, the positive and negative
moment resistance ﬁxay be made different by changing the amount and
location of reinforcement. It is quite possible in a concrete
structure to bring the distribution of moments at ultimate load
reasonably close to moment distribution corresponding to elastic
behaviour. All plastic hinges necessary to form a mechanism will
then form at practically the same load, thus reducing the amount of

hinge rotations necessary.
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CHAPTER 3

METHOD OF ANALYSIS

MOMENT~THRUST~CURVATURE RELATIONSHIP:

When a prestressed concrete section is subjected to combined
bending and axial thrust, equilibrium of forces and moments would
give ultimate load and moment; and from the compatibility of strains,
the value of gltimate curvature may be computed. The interaction dia-
grams may be conveniently used to investigate these properties in a
prestressed concrete beam-column section. The interaction diagram is
defined as the envelope of all combinations of load and moment which
may exist without material failure of the cross-section. The bound-~
ary of interaction diagram represents all possible combinations of
axial load and bending moment which constitute material failure as
limited by crushing of the concrete at ultimate compressive strain
which may vary from 0.003 to 0.007 in/in. The interaction diagram is
thus é convenient means of studying the structural behaviour and
computing the ultimate strength of prestressed concrete sections under
combined bending.gnd axial thrust. As seen in Fig. 3.1, the interac-
tion diagram may be divided into four distinct regions - each produc-
ing a different type of hinge action:

(1) Region A;B - Tensile hinge with large rotation; failure
resulting primarily from yielding of tensile steel and then secondary
compression failure of concrete.

(2) Region B-C -~ Compression hinge in which both compressive
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and tensile stresses are present in the section. Failure initiated
primarily by crushing of concrete under compressive stresses.

(3) Region C-D - Compressive hinge in which the entire
section is in compression.

Coﬁpatibility and servicebility conditions must he taken
into consideration before allowing the formation of any of thu above
types of hinges. Thus it is evident that if the load varies so does
the mode of failure and the ultimate curvatures would be similarly
influenced. The ultimate curvature in general would be affected by
ultimate concrete stress and strain, stress block, yield stress and
strain of reinforcement, amount and location of reinforcement, axial
load, bending moment, cross sectional dimensions and time dependant
stresses such as creep and shrinkage and by the amount of prestress.

From the above discussion, it is evident that, a series of
possible strain configurations may ex%st inside the interaction en-
velope. When additional bending moment is applied to a section al-
ready subjected to constant axial thrust, an unique set of strain dis-
tribution is defined all the way up to failure. Therefore, points
on the interaction diagram define a family of curves which relate
moment-curvature relationship at different axial load levels (Fig.3.2).
These relationships may be computed by means of programming of a high
speed digital computer when the following procedure is adopted.

(1) Specific strain distribution over the depth of section

is assumed i.e., position of neutral axis is fixed.
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(2) A realistic stress-strain relationship of concrete
and steel is taken and from this assumption the stress distribution
over the section is computed.

(3) The resuliuit axial load and bending i i about the
centroidal axis is calculated.

(4) The curvature is computed from the assumed strain dis-
tribution.

A éomputer programme in FORTRAN IV was written for the
University of Ottawa IBM 360-65 digital computer to compute the ulti-
mate moment-axial thrust-curvature relationship. This programme is |

explained in detail at a later stage in this thesis.

TYPES OF FAILURE:

The following five types of féilures may be encountered in
a8 prestressed concrete beam-column section:

(1) Tension Failure:

Tension failure occurs when the stresses
in prestressing tendons used as tension reinforcement exceed the yield
level (in this éaée determined by 0.2% offset method). The neutrai
axis moves rapidly towards the compression face and ultimately the
concrete at the compression face reaches the ultimate strain €4
and crushes. Here failure is initiated by yielding of tension rein-
forcement though final failure is compléte when the concrete crushes.

This.type of failure is associated with extensive cracking and large
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deflection and is often pireferred due to large rotation capacity.
(2) Compression Failure:

This type of failure is iInitiated by
the crushing of extreme compression fibres in concrete. The stresses
in the tensile reinforcement are usually within the elastic range
whereas the compressive strain in the concrete exceeds ultimate strain,
€, * Failure here is quite sudden, violent and without much warning
and should usually be avoided.

(3) Balanced Failure:

Balanced failure is that type of failure
in which the extreme concrete compression fibre reaches the ultimate
strain simultaneously as the tensile reinforcement reaches the yield
point. It is the transition point between tension and compression
fajilures. As both the steel and concrete fail at the same time, this
type of failure makes maximum utiliza;ion of the materials.

(%) Brittie Failure:

This type of failure usually occurs in
specimens with a very small amount of tensile reinforcement. Failure
is initiated by -rupture of the tensile steel immediately after the
formation of tension cracks and is quite sudden and most unwarranted.

(5) Buckling Failure:

In case of a section under combined

bending and axial thrust, this type of failure may be initiated by

dnstability. It results when the rate of change of moment caused by




lateral deflection due to applied eccentric load is equal to the rate
of change of the resisting moment. At this load, the deflections
would increase rapidly without any further increase in the load and

and finally the concrete would crush.

BASIC ASSUMPTIONS:

The following were the basic assumptions used by the writer
to develop analytical expressions for prestressed concrete sections
subjected to combined bending and axial thrust under short time load-
ing:

(a) Concrete Strain Distribution:

Bernoulli-Navier hypothesis of plane
section remaining plane after bending has been extended to sections
under combined bending and axial thrust. The linear distribution of
strain was assumed up to failure. Many previous studies as well as
experimental strain measurements by writer showed that this assump-
tion was realistic.- )

(b) Bond between concrete and Prestressing Tendons:

It was assumed that there was no slip

- between concrete and prestressing strands and therefore the strain in

the steel at any level due to loading may be taken equal to strain in

concrete at the same depth. Though local loss of bond may occur near

tension crack regions, this assumption seems to be reascnably accurate.

(c) Stress-Strain Relationship of Steel Reinforcement:
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The usual trapezoidal elasti-plastic
stress-strain relationship of steel (as shown in Fig. 3.3) was used.
Yields stress was assumed by 0.2% offset method. For the modulus of
Elasticity ES » value supplied by manufacturers was used.

(d) Stress-Strain Relationship of Concrete:

Stress bl&ck as proposed by Hognestad
(Fig. 3.4) has been used. However in some computations the rectangular
stress block ‘as proposed by ACI code 318-63 has been used for simpli-
fying computations. For ultimate strain, €, experimentally obtained
values have been substituted., It was further assumed that for.all
practical purpose, tensile strength of concrete may be ignored.

(e) Shrinkage and Creep:

No detailed measurements of shrinkage

and creep losses have been made. However, it was assumed that loss of

prestress due to these factors was complete at the time of testing.

(f) Type of Loading:
Short time loading has been assumed.

(g) Deflection due to Shear has been neglected.

3.4 DEVELOPMENT OF ANALYTICAL EXPRESSIONS FOR RECTANGULAR PRESTRESSED

CONCRETE SECTIONS UNDER COMBINED BENDING AND AXIAL THRUST.
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(a) Tensile Hinge:

From the equilibrium of forces (Fig. 3.5)

= ) - - - -
Pu klk3fc ab Aslfsl As2fs2 Assts Askfsu

ciereereeesa(3.4,1)

where kl_and k3 are two factors depending on concrete
strength , as given by ACI 318-63,

kl'= 0.85 - 0.0S(fé - 4), where f'c is in k.s.i.

k, = 0.85

3
A
Substituting: pl =-S§£ ; P, ==E§2 ;
As3 Agy

Dividing both sides of equations by bd:

P .

_I.'l = } ' —a-. - - - -

Ba ~ “1afe @ " Pafsy ~ Pofsn - Pafgs - PyEg (3.4.2)
Taking moments about the plastic centroid, (anticlockwise moment

positive):
=k _}k_f£! . - - A
Mu klkch ab (d : qu k2a) A

slrlelq - “52I52K2a

t AgafaaRad + A f R

S ——-L-l-l:-’ 73 - - - -
P kpkgEL 3 (4 - Ryd - kya) - pif Rid - p,f_Rd

T pst3R3d * pu*suRud




and

1 3 7 =a ]
Substituting w klk3fc
P
2=y (&) -pf . -pF . ~p.f. -Dp.F
bd d 1'sl 27s2 3"s3 L7 sk

M
u a
W) (@ - Rd - kak pf

ba 518187 PofgoR
+ pufquud
M M .
Now e=—=-2.22
Py B By
o e _p_\'_l_mut-i-g
bd bd
s - D M
Substituting values of “u and _u :
' bd bd

a ~
e [w@) - pyf; - Pyf,

(3.4.3)

2d + psf R, d

s3°3

(3.4.4)

(3.4.5)

=3 P -a_ - - )
- pafg - pufsé] w(&)(d Rud kza)

- plfs R.d - R.d + p3f83R3d - pufsuRud

171% 7 Potgo™o

2 -
w (3 kd - w (@ Le-da-RrR)]-p,f

ol

- - - £ -
Pyf ., (e = Ryd) = pyf g (e - Ryd)

sl

(e - Rld)

- Py (e -R )0

(3.4.6)
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S - p2fs2T -p,f Y - p,£ 2=0

w<i>2k d - wx(®) - p.f
a’ o a’ ~P 3% s3 st

1 sl

Dividing through by wk2d

2
§- -—L E - —L—— = = + =2
@ k,d g Wk, [P15518 *+ PyfeoT ¥ Bgf g¥ » By 2]~ 0
. . —_ =y
Substituting back w klks*c
(202 . IS p— p ") S +p s T s Y
1 t 1
d k2d 4 klkzxsd 1 f 2 f 3 fc |
£
sk
+ Py ET Z{ =20
Let m =*‘/klk2k3
£ f £
a X a mi sl s3
Y f};zd(d)"aLplfc' S’sz' Trpggr ¥
sy i
* Py FT Z] =0 t
Seolving this quadratic equation: |
T
a 1 X 1 X |2 sl 52
AT 242 Dkzd) (plf S*PyEr T |
£ - 1/2
s3 |, sk 1
* Py Er Y+ Py E Z)-J
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Ignoring negative sign:

2
a2 xr B R, Isa
d 2k.d 2de 2 d ‘P1E Py Py F7
2 X c c c

1/2

sh
+ p1+ -i?é— Z)]

f £ £ f
X \ sl s2 s3 sl 3 ]
—-——d[ l+{l+_)zz(pl——fé S+p2——fc, T+p3———f(,: Y+pl+-——fé Z)}

where V =4 k%dm

Let a=kd SR =
u d u
- f £ f
- X i ( V. sl Ts2 _s3
K, ————2k2dL 1+-Ll+x2 (pl—~-fé S+ p, T 3] T + pg f Y
£, 1/2 |
. py T2 f' z)f ] (3.4.8)
From compatibility of strains:
€
8 = u
d €.t ey
o 1-% 1=k
a—(eu+el¢)=eu or, €4=Eu( a )neu< k )
Y u
Substituting value of ku :f . 1/2
X : f v sl s2 s3 ]
b Akd L‘l*il*xz (plf(': S+ py £l TP £ Y*‘Puf' ~2)f ]
€, =€, . P . f 73

X p 52 s3
2kdl-.l+{l*_(plfé S*P:zfé T*Paf' Y*Puf' Z)}]
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From the strain diagram

eu 31‘ -~ ELI- € €,
-2 =20 L2
Curvature, ® —= 3 = (_ eu)
- £, £, £_ £ 1/2
€ . 21<dL l+{l+ pl~=S*P2~1T*‘P3—Y+p4_,2)§]
o) —1 1+ ({
© e 173

£ £
X _ 5 vV _sl _82 ) s3 ) sk
= Tk [-2-32- Xz(pl F S =Py F T v opg £ Y TPy E 2{ ]
c C C c

r‘ —
€ -
-t 1
d - - - - 1/2
I T T
sl s?2 . s3 sk
2k zb 141~ "Z‘Pl fr ST TrryE Y ey Z)é ]
X c
: 6 = 2 k? Eu

rv2 Il 32 *s j
X5 -V (py 38 + by T £ T TP3E f' 2y Pu f’ * 2)
c
vrreereneeee. (3.5.10)

(b) Compressive Hinge:

From the equilibrium of Forces (Fig. 3.6):

= v - - o - - ol -
Py klklifc bd (1 kb) Aslsl As2fsz A53rs3 Asufsl'r

cetrieneceasenss (B.4,11)

bq —w (1) - Pyfsy ~ Ppfgp ~ Pafgs - Pufey where w= koK EL
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sufeuRyd (3.4.12)
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) - - f - — = 7 = -
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Dividing althrough by w(l + kb)k2:

=X _____j;__.__[ . o 7]
- a k, WL« k)X, P1Eg18 ¥ Pof T + paf Y + pursuzl

Substituting value of w:
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s
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TApy Fod
c
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cetessesnsanesss (3.4,15)

From the strain diagram:

€ €

Curvature, ¢u _=_-53 = - =
- - -
X _ B rS Isl . To *s2 . Y fss z rslﬂ
x. Tk, L°P1 F Py F7 Py Tt 4P, FT
2 2 c : c c c
X.€
2 u cee (3.4.16)

f T £
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XowySpy g TPy F * Yy FT ot 4Py
c C C Cc
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SCOPE OF ANALYTICAL EXPRESSIONS:

The analytical expressions developed
in this chapter enable rapid computation of the ultimate load,the
ultimate moment and the ultimate curvature of rectangular prestressed
concrete sections under short-term loading of combined bending and
axial thrust. These expressions may be extended to other prestressed
concrete sections,such as I-section, T-section, channel section ete.
These sections are frequently used in present day construction. The
unique featufe of these expressions lie in the fact that the strength

and the deformation characteristics of plastic hinges in prestressed

. concrete sections may be predicted easily when sectional and stress-

block parameters along with concrete and steel properties are known,
In general it can be observed from the expressions that ultimate cur-
vature is influenced by - the ultimate concrete stress and strain,
yield stress and strain of prestressing tendons, percentage of rein-
forcement, amount of prestress, cover for reinforcement, bending
moment and axial load. By judicious manipulation of these variables,
ultimate curvature may be regulated within permissible limits.
In the case of reinforced concrete beam-column members, some
e . _ . ..(10,11)
of these variables have been studied by Pfrang and Siess . In
- ) . . (19)
the case of prestressed concrete sectiong,Lin and Lakhwara , have
made an investigation. During their research on ductility of concrete

(48) (49)

structures, Corley and Mattock observed that the presence of

shear stress and rectangular or helical stirrups increase the ultimate

e
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strain of concrete and therefore the ultimate curvature is also in-
creased. As may be seen from Chapter 2, numerous investigators have
worked on the ultimate strain of concrete, but it is observed that

5)

Hognestad's( suggestion of 0.0038 as the value of ultimate strain
has been accepted by other investigators. The stress block parameters

have been investigated experimentally and Hognestad(sa) has reported

that by measuring the ultimate moment and depth of neutral axis and

assuming a value of k2, klk3 may be evaluated from the expression:

3000 +-% £!

klks ==;Z—:—3365—E , f'c is in psi.
From the results of 364 reinforced concrete beam tests uone in the United
States and Canada, Hognestad(as)deduced that a value of k2/klk3 = 0,59
could be obtained and this value correlates with Whitney's(a) expres-
sion.

From the analytical expressions, it is quite evident that
ratio.of the ultimate moment - axial load op the ultimate eccentricity
influences significantly the ultimate curvature value. At loads below
the balanced load, that is, for tension failures, a considerable amount
of ductility is present in the structure. The amount of Guctility
decreases gradually as the axial load level increases towards balanced
load level. TFor limit design techniques, where built in ductility is
assumed for redistribution of moments, axial load should be kept at

fairly low level so that ductile failure is ensured. This may some-

times result in uneconomical designs. The designer has to meet the




dual criterion of strength and rotation in a plastic hinge. In the
case of a purely flexural failure the variation of only the steel
reinforcement could ensure ductile hinge.

t may be observed that comparatively little research has
been done on yield-interaction diagrams. As mentioned earlier the
yield interaction diagrams.may be defiﬂed as the locus of all combina-
tions of ultimate moments and axial thrusts for first yield of tension
reinforcement. This apparent lack of interest may be ascribed to the
acceptance of ultimate strength design method. In the ultimate
strength design method, the ultimate capacity of the section is deter-
mined. This load 1s then divided by the load factor to obtain the
design load. Yield load of the section is ignored altogether. Also
problems of creep and shrinkage make it difficult to ascertain con-
crete stress distribution at yield of tensile reinforcement in plastic

hinges.
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CHAPTER 4

MATERIALS, FABRICATION AND TESTING

MATERIALS:
(i) Cement:

Lake Ontario 'Pronto' cement was used for all the beam-
column specimens, control cylinders and prisms.
(ii) Fine and Coarse Aggregates:

Regular fine and coarse dggregates for precasting work
were used and they satisfied the specifications. Two types of fine
aggregates having Fineness Modulus respectively of 2.53 and 2.79 were
used. Dirt content of the two types were 2.50 and 2.43 percent and
specific gravity were 2.60 and 2.63 respectively. For the two types
of coarse aggregates Fineness Modulus wepe 6.41 and 6.80 and specific
gravity were 2.65 and 2.66 respectively, Maximum size of coarse
aggregate used were §/8". Sieve analysis of the aggregates are shown
in Figs. 4.1 to 4.4,

(iii) Concrete Mix:

The concrete mix used was designed to have a cylinder
strength of 5000 psi at 2¢ days. All concrete was mixed in the standard
mixing machine of Wilson concrete Products at Belleville, Ontario.

For 3/4 cubic yard of concrete, the amount of cement, coarse

and fine aggregates, water and admixtures used are given below:
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coarse aggregate 1460 1bs
fine aggregate 1070 1lbs
water 135 1bs
cement 445 l1bs
maracon . 37 1lbs

NVX for required air content

(iv) Prestressing tendons and Stirrups:

' All longitudinal prestressing tendons used were 270 K
grade 7-wire strands manufactured by the Steel Company of Canada and
supplied by Conenco Canada Ltd. This particular grade has a guaranteed

minimum ultimate strength of 270,000 psi.

Three different sizes of tendons were used for prestressing:

Diameter Area in‘sq.in.

1/2 1in. | 0;1531 %
7/16 in '0,1167 |
3/8.in 0.078k

The actual stress-strain relationship of the temndons have
been shown in Figs. 4.5 to 4.7, The idealized curves shown by the |
dotted lines were used in the computations. The ekbevimental modulus
of elasticity for the individual tendons were used in all calculatioms. -

Stirrups of 3/8" ¢ mild steel were used as ties.
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METHODS OF FABRICATION:
(i) Types of Specimens:

All together 55 beam-column specimens of 6 in. x 8 in.
dimension and varying reinforcement were designed for experimental
investigation; these were divideéd into 1l groups of 5 each. Among
these 1l groups,series PCl to PC5 were meant to represent column
sections and were symmetrically reinforced; and series PBl to PB6
were unsymmetrically reinforced as beam sections. The amount of longi-
tudinal reinforcement in the two groups ranged from 0.3186 sq. in. to
0.9186 sq. in. and 0.1598 sqg. in. to 0.6534% sq. in. respectively.

This investigation was confined to the effect of combined
bending axial load on the prestressed concrete sections and the material
failure was assumed as the failure criterion. The span of the speci-
mens was made 62 inches in order to ayoid instability failures. Also
in addition to normallstirrups, special precautions were taken to avoid
shear or diagonal tension failure. ' This was done by providing extra
outéide clamps to the specimens as shown in plate 4.l. Concrete
strength was designed to be 5000 psi at 28 days for all the specimens
and all the tendons were stressed to 80,000 psi effective prestress.
The total prestressing force varied in the different series due to the

-

variation in the amount of reinforcement. Different dimensions and

properties of the sections are shown in Figs. 4.8 to 4.18 and Table L.l.

(ii) Prestressing, Casting and Curing:
Two 30 feet long steel forms with heavy end blocks were used
for prestressing. Tendons were pulled from one end to the other end

of the form through holes provided in the end blocks at the specific
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depths and passing through the ties. The ties were then properly
secured to the tendons by means of wires. One end of the tendons
were anchored to the bulkhead by means of wedge-shaped split-cone
anchors and at the other end, tendons were stressed one by one by a
double acting hydraulic jack. The strands were designed to carry
final effective prestress of 80,000 psi. Amount of losses were cal-
culated according to the Canadian code and jacking stress was found out to be
99,800 psi. This was ensured both by the actual measurement of the
elongation of wires and by the hydraulic pressure of the jack. After
stressing each tendon, jacking end was securely fixed to the bulk head
by means of the wedge type split-cone anchor.

Mixing of concrete was done in the standard mixer of Wilson
Concrete Products and was brought by wcans of overhead crane to the
casting formwork. All the specimens were cast in a horizontal posi-
tion because of prestressing formwork and also to avoid differential
quality of concrete along tiie length of the specimen. During casting,
concrete was compécted by means of electrically driven pipe vibrators.
Casting of 2 series, that is, 10 specimens were done in one day. Along
with the specimens, 3 control cylinders (6 in by 12 in) and 2 prisms
(3 in x 3 in x 12 in) were cast for each series; also slump test and
percentage of entrained air were measured as shown in Table 4.2.
4fter casting was finished, top surface of the specimens, control
cylinders and prisms were finished with wooden and steel trowels.

. Immediately after the completion of casting and finishing,
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the specimens, control cylinders and prisms were covered with wet
gunny bags and in about 8 hours time steam curing started. Usually
after 48 hours, stressed tendons were cut by means of a cutting torch.
Form was then dismantled and specimens were taken out and plaéed for

normal curing under room temperature,

EQUIPMENT:
(i) Strain Measuring Devices:

At the mid-section of the beam~column specimens, where only
flexural stresses were present, strain measurements were taken at six
different depths. Since after formation of tension cracks, strains
differ appreciably between cracked and uncracked sections at the same
depth, thereby inducing some error in strain readings at the tensile
zone, it was decided to take four strain measurements above the centre-
line of the depth of beam~column section » and only two strain
measurements below the centre-line. Hence a grid as shown in Fig. 4.19
was chosen and pfeviously marked on the specimens.

Different equipment used for measuring deformation of the
specimens are shown in schematic diagram in Fig. 4.20. Description

of the various components are given below:

Displacement transducers were used to measure strain at
various depthi's of the beam-columns at each increment of loading. The

Particular model used was 7DCDT-100.
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Altogether 10 transducers were mounted at the midsection of
the specimens - one on top and 5 and 4 respectively on the front and
back sides at different depths. Except transducer number 10 which
was mounted on top and number 4, all others were paired at the same
depth on both sides in order to have a check on their performance.
However, their performance was quite éatisfactory all along except for
odd ones.

A DCDT consists of a coil assembly and a core. The coil
assembly comprises of a differential transformer coil, a DC - exited
solid state oscillator and a phase-sensitive demodulator (Fig. 4.21).
When the core is displaced linearly along the axis of bore of coil
assembly, voltage change proportional to displacement takes place in
the output - actually the oscillator converts the DC input to AC
which excites the primary winding, whereas actual core position fixes
the amount of veoltage induced in se;ondary windings; each of the two
secondary circuitsvcontains a secondary winding, a full-wave bridgg and a R.C
filter. These secondary circuits are connected in series opposition
so that the resultant output is a DC voltage proportional to the core
displacement from electrical centre.

Special aluminium blocks were devised for fitting the trans-
ducers on to the specimens. These were 3/4 in x 3/4 in x 1/2 in
aluminium blocks and a & in long aluminium rod small enough to fit
into the groove of Transducer core. ' Two types of blocks were used -

one had inner hole just sufficient to contain the transducer coil and
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the other had a smaller groove to [it the aluminium rod. Both the
coil and aluminium rod could be held in position by means of two
screws in the two aluminium blocks. The transducer core was fixed
onto one end of the aluminium rod and slide’ inside the coil  When
this was properly positioned, both the coil and the rod were fixed in
position by means of brass screws.

The position of the aluminium blocks were earlier marked on the
specimens. These markings and the base of the blocks were properly
cleaned and then a solution of epoxy resin was spread over the mark-
ings as well as base of the aluminium blocks, and then the blocks were
gently pressed against proper marking on the specimen. The particular
type of auuaesive used was an Armstrong A-2 type whose two main com-
ponents are epoxy type resin formuluation with an inorganic filler
and an amine type catalyst. Curing of the adhesive starts as soon as
the two parts are mixed. This particular type of achesive produced
excellent bond between the blocks and concrete; this was quite evident
by large chunks-of concrete coming along with the blocks when these

were removed after completion of test.

A DC Power Supply unit was used for the constant DC voltage
input to the transducers. The particular model used was 6204 B. Thig was
a dual range, compact, regulated, constant voltage/current limiting

supply unit. Different features of this instrument is shown in table

4.3. 1Its principle of operation is as follows:
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Input line voltage passes through power transformer to a
rectifier-filter which converts AC input to raw DC which is fed into
the positive terminal via a regulator and current sampling resistor
network. The regulator is made to alter its conduction to maintain
a constant output voltage.

The Switching Unit was used to connect output of transducers
to the readout device - one at each time. Particular model used was
BLH model 220. The front panel contains an input bridge selector
switch, a channel selector switch and a set of 5 output terminals.
Rear panel consists of 10 groups of 5 terminals - each group for
connecting to each transducer. The input bridge selector switch
selects either two or four arm bridge input. The channel selector
switch contains an off position and positions for each of the ten
channels. Each channel is wired through this selector switch such
that capacitive currents from channels not in use do not affect thé
ch;nnel in use.

The Voltage to Frequency Converter unit converts the output
DC voltage from the transducers to corresponding frequency values.
The model 2212A voltage-to-frequency converter (VFC) produces an out-
put pulse train whose pulse rate is directly proportional to the
magnitude of DC voltage applied to its input terminal by the transdu-
cers. Full scale output is 100 kHZ for switch selected ranges in
decade steps from 1 volt down to 10 mv'full scale. An optional
range vernier multiplies full scale up to 3.5 times. Signal polarity

is shown by front panel lamps.
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Counter readings of 2212A output frequency may be converted
to voltage decided by selected range of 2212A. For 1 volt multipli-
cation factor is 0.0l. During testing, range used was 1 volt and in

addition 5 turns of vernier was added, so that
R =14+ 0,25V =2,25
m s

Therefore, counter readings were multiplied by 0.0l x 2.25 in order
to get output results in volts.

&he Frequency Counter was used in conjunction with the 22124
voltage to ffequency converter to measure the output from DCDT trans-
ducers. Model 5221A frequency counter measures frequency or repeti-
tion rate of periodic signals by totalising the events during gate
times of 0.1, 1 or 10 seconds. The gate times are selected by a front
panel switch. An internal control allows éounting of either positive
or negative input pulses. The readout storage provides continuous dis-
play of the most recent measurement, which is held even when the in-
strument is gated for a new count. If the new count differs from the
stored count, the display shifts automatically to the new one. A
sample rate control sets the period of time following a gate closure
until the gaté.may be opened again.

(ii) Loading and Load Meésuring Devices:

Schematic diagram of loading and load measuring devices have
been shown in Fig. 4,21.

Vertical énd Horizontal rams are hydraulically operated load-

ing device which have a maximum stroke of 6 inches. The vertical ram
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was mounted on top of the loading frame in a vertical position and
was capable of transmitting up to 100¢¢J0 1bs load. The horizontal
ram was mounted on the left abutment.

Hand operated hydraulic pump was used to regulate the rate
and amount of loading by the vertical ram. This was quite a handy
tool and the amount of load transmitted could be roughly checked
from the oil pressure indicator. A pressure of about 2460 psi would
amount to a load of 100000 1bs.

The hydraulic Power Package unit was used to supply the necessary
hydraulic pressure needed to operate the PUVS horizontal ram. Essen-
tial components of this unit were a 10 gallon reservoir, 5 HP 1200
RPM 550 V 3-phase AC splash proof motor, PVB S-pump. It operated at
a pressure of 3000 psi and rated flow was 3 GPH.

The Power and Failsafe Panel was a safety device to protect
the power package. When the oil level is Too low or temperature is too
high, the 'Pamp Failure' ivght woula pe on and pump would stop operating.
Any other abnormal operating condition such that servo amplifier alarm,
exceeding force, pressure, position or other safely limits would make
the 'dlarm' light on and the pump would stop operating, thereby reliev-
ing oil pressure. In such cases, usually 'reset' buttons.have to be
pushed to bring the pump into working once again. All these control
relays are incorporated in this unit.

The Servo Amplifier was a DC operational, solid state ampli-

fier of @& modulur plug in type construction. It operated by means

U SO G
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of a number of external controls. 'Power Switch' turned power on and
off for the servo amplifier. 'Static Set Point' was used to pre-~
determine the direction of force transmitted by the ram. It consisted
of a toggle switch with a plus, centre off and minus position as well
as dué—dial calibrated 0 - 1000. With a load cell as the feed back
transducer, the toggle switch in the positive direction and duo-dial
off zero, the Servo valve was opened to produce compression load on
the load cell of a magnitude determined by duo-dial setting; whereas
negative direqtion would induce tension force. 'Range Switch' fixed
the range of load to be transmitted;:it had four positions - 10, 20,
50 and 100 percent, Range switch at 10 percent meant total load
transmitted would be 10 percent of 100,000 lbs or 10,000 lbs in that
particular setting. 'Velocity Limiter' governed the limiting of
maximum current to the servo valve and limited actuator velocity.
'Gain control' was a 10 turn potentiometer with a duo-dial calibratéd
from zero to 1000, |

MOOG 73-103 type servo valve was provided to regulate the
amount and direction of flow of hydraulic oil from the pump to the
ram. It connected the ram with the hydraulic power package and also
was connected to the servo amplifier. Flow rate of the particular
valve was 10 GPM.

Two load cells were used to pick up reaction of the vertical
load at the two supports of the beam-column specimens. Total capacity
of each was 50,000 1lbs. One 100,000 1lbs capacity load cell was used

to record the reaction of the horizontal ram. These particular load
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cells were in fact a short column with small 1/r ratio to ensure
freedom from buckling. Strain gauge attachments in it were done in
such a way that it was very sensitive to axial loading. This was
done by attaching four strain gauges arranged around the circumference
of cylinder surface. Load cells were properly calibrated before
testing was started.

Gilmore model 471-2I0 millivolt jndicator was used for
load cell readout. This unit read directly the loads recorded in
the strain gauges of load cells, The‘front panel had a digital readout
and power on-off switch plus instrument zero switch. Before the experi-
ment, this. unit was zeroed by means of instrument zero switch. It is
capable of readiug a load of up to 100000 1bs at an interval of 10 1lbs.
It had a continuous display and updated 3 readings per second.

Since one horizontal and two vertical load cells had to be

read, one switching and selection unit was needed to connect the different

load cells, one at a time, to the millivolt indicator, Hence, an Ellis BESG-6

switch and channel selection unit was' used for this purpose. Rear panel
of this instrument had six input connections and one output connection,
whereas the frontpanel had six each of gain control, balance and channel
selection switcheés, First one channcl at a time was connected through
the channel selection switch and gain control switch was used to properly
set this channel. This was then followed for all the channels and load
cell readouts taken through the millivolt indicator.

(iii) Deflection Measuring Devices:

At each increment of loza, vertical deflection of beam-column
specimen was measured at seven different points along longitudinal axis
by means of a deflection bridge, as shown in Fig. 4.22 and Plate 4.2, -
This deflection bridge consisted of seven mechanical deflection gauges

fitted at previously marked positions on top of the base of loading frame,




Dial indicators were used to measure deflection of the
test specimens. The operation of these dial gauges are very simple.
In this instrument, the movement‘of a plunger placed in contact with
the test piece is transmitted by a rack and pinion arrangement to a
gear train which in turn operates a pointer in a graduated dial. The
smallest division on the dial corresponds to a spindle movement of |
0.0001 inch.

(iv) Electrodynamic Materials Tester:

SCT-5 type electrodynamic materials tester was used to com-
pute dynamic modulus of elasticity of concrete from control prisms
shown in ?iate 4.5 SCT 5 is a convenient laboratory instrument for
measuring thé resonant frequency of regularly shaped materials. It
is composed of an accurately calibrated oscillator, which may be
coupled to a vibrator for excitation of the specimen, and an amplifier
feeding a meter which measures the signal from the crystal pick up in
contact with the vibrating specimen. ‘This'meter reading may later on
be converted into corresponding frequency from a chart supplied by the
manufacturers.

(v) Cylinder Testing Machine:

Forney Testing Machine was used for compression and deformation
test of control cylinders. This unit is an electrically operated
hydraulic présé type testing machine. In it, load is applied by the
hydraulic press and is meésured by the pressure developed within the
hydraulic cylinder., It has a capacity of 300000 lbs with a minimum
graduation of 50 lbs. Testing of a typical cylinder is shown in Plate

L.6.
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TEST PROCEDURE:
(i) Beam-Columns:

Beam-column specimens were designed to be put under cons-
tant horizontal axial load and then loaded to failure by two point
symmetrical vertical short duration loading, as shown in Figs. %.19
and 4.22. Some special medification was made to the existing load-
ing frame in order to facilitate horizontal axial loading. These
were two triangular frames, composed of I-sections and added to both
sides of the loading frame to act as vertical abutments. A hydrau-
lically operéted loading ram was attached to the left-side abutment.
A load cell was attached to the right side abutment to pick-up the
load transmitted from the ram. On the bed of the existing frame,
longitudinal centre-line as well as two longitudinal edges and
transeverse centre-line of the specimens along with the position of
two supports were marked. Two 50000 1lbs capacity load cells were
properly positioned as the vertical supports. Then supporting plates
and rollers were placed on the two load-cells to simulate hinged
ends.

The specimen was then brought and lowered on the supports
by means of a manually operated chain block and its position was
properly adjusted so that'marking of supports on the specimen coin-
cided with the supporting plates on the load cells. Also longitu~
dinal edges of the specimen were aligned with the markings on the
bed of the test bloék and the transevérse centre-line of the speci-

men was aligned with the centre line of the vertical loading ram.
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A plumb bob was used for all these alignments. Next the loading
plates and rollers were properly positioned on the specimen and the
I-beam used to transfer vertical load was properly positioned.

Two special end-connections as shown in Plates 4.3 and 4.4
were then mounted onto the two ends of the specimen. The purpose of
these end connections were to transmit horizontal load on to the
specimen axially and without any end-restraint. This was done by
means of 1" ¢ rollers and 1/4" ¢ ball bearings with end plates
as shown in Fig. 4.23 and Plates 4.3 and 4.4,

Special external clamps (as shown in Plate 4.1) were then
mounted on to the specimens to avoid shear and diagonal tension
failure. Next the displacement transducers were attached to small
aluminium blocks which were previously mounted on the specimens at
predetermined depths and 4 in. gauge length. The deflection bridge.
(Plate 4.2) was then set up in proper position. All these features
are explained in détail at a later stage in this thesis.

Once all the necessary adjustments were done and all
electrical circuits properly checked, horizontal axial load was
gradually transmitted and kept constant at a predetermined level
with the help of servo valve and servo amplifier. The load level
was checked both by servo amplifier and load cell read out. Then the
vertical load was transferred slowly at an increment of 1000 lbs
initially and then 500 1lbs at later stages and the specimen loaded

to failure. At each increment load, strains and deflections wepe




read through proper read out system which is described in detail at

a later stage.
(ii) Control Prisms:

For each series of 5 beam-column specimens, 2 prisms were
cast to determine the dynamic modulus of elasticity. The prisms
were 3in x 3in x 12in., in dimension.' First the central point of
the two ends and a centrally located transverse strip of 1 in were
marked on the prisms. Then their individual weights were recorded.
Each specimen was then mounted on an Electrodynamic Materials Tester
(Plate 4.5) in such a manner that it was centrally located on the
bridge and that both the transmitter and receiver of sonic wave were
lightly touching the central points of the two ends. Maximum reading
was noted and this was later converted into frequency from the chart

supplied with the instrument. Dynamic modulus of elasticity was

then calculated from the following formula as given by ASTM Designation

C215-60:

= DW(n') 2 where

3

= longitudinal resonance modulus of elasticity (psi)

]

W = weight of specimen (1bs)
n' = fundamental longitudinal frequency (cps)

D = 0,01035 %; for prism (sec?/sq in)

L = length of prism (in)

t,b= dimensions of x-section of prism (in)

N




(iii) Control Cylinders:

Along with the 2 prisms, 3 control cylinders (6 in dia. x
12 in) were also cast for each series in order to determine ultimate
concrete strength and static modulus of elasticity. A deformation
test was conducted on 2 of the cylinders (Plate 4.6) whereas the
third cylinder was loaded to failure in compression to obtain ulti-
mate concrete strength. All three cylinders were capped with standard
sulphur cqmpound. For the deformation tests, a special steel frame
with 2 gages of 9 in. gage length were mounted on the cylinders.
The cylinder was placed on the loading table and properiy centred.
This was done by putting on small load and noting deformation of the
two gages. Once properly positioned, each cylinder was loaded up
to 50,000 lbs in increments of 500 lbs and deformation of the 2
gages recorded at each increment. Load was then brought down all
the way to zero at 500 lbs interval and similar deformation readings
taken. Then the gages were dismouﬁted and cylinder lcaded to
failure recording ultimate load. Data from Sonic *tests and deforﬁation
and compression tests were fed into a computer programme to calculate

dynamic and static modulus of elasticity.
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CHAPTER 5

PRESENTATION AND ANALYSIS OF TEST RESULTS

Test results as obtained from experimental investigations
and analytical work are presented in this chapter in a concise form.
In view of the volume of data involved, it was considered unnecessary
to write each and every reading taken, instead important data are
supplied iy the form of tables, graphs and photographic plates.

Typical test results are shown in Tables 5.1 to 5.3.

STRESS-STRAIN RELATIONSHIP OF CONCRETE:

For each series of 5 test specimens, 2 deformation and 1
compression test have been conducted on the 6" x 12" test cylinders
casted and cured under the same condition as the test specimens.

From the load-deformation readings, the Initial Tangent Modulus of
Elasticity, EC has been computed'by means of a computer programme.
This programme fits the experimental points to a straight line. Aécord—
ingly stress-strain curves of concrete in each series was plotted in
graphical form in Figures 5.1 to 5.11. From the ultimate loads
attained In both the deformation and compression tests, ultimate
cylinder strength fé has been calculated.

Two 3" x 3" x 12" concrete prisms for each series of 5 test
specimens have been used to find out the Dynamic Modulus of Elasticity
of concrete by means of resonance method. Comparative results of

Initial Modulus of Elasticity, Dynamic Modulus of Elasticity, Modulus
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of Elasticity as obtained from Inée Lyse's equation Ec = 1800 + HGOfé
are all entered in tabular form along with ultimate concrete strength
fé in tables 5.4 and 5.5.

STRESS-STRAIN RELATIONSHIP OF PRESTRESSING TENDONS:

Stress-strain relationship of high tensile steel strands
along with Modulus of Elasticity and Yield Stress for the various
diameter of strands used are presented in graphical form in Figs. 4.5
to 4,7, F;r the sake of simplicity of computation, slightly modified
Stress-strain relationship as shown in dotted line in these figures

have been used.

TEST SPECIVENS:

Fifty-five beam-column test specimens in 11 series have been tested
to failure under different axial- transverse load combinations. Diméns%ons
of all the test specimens have been.kept same within 1/8" of variation
whereas amount of.steel and therefore prestressing force and the
concrete strength have been assumed to be same within each series.
Arrangement and position of steel in the various cross-section are '
shown in the Figures 4.8 to %.18, whereas different parameters such
as top and boitom steel, aﬁount of prestress, top and bottom cover,
concrete strength etc. are illustrated in Table 4.1.

During testing of each specimen, strains as indicated by. 10
transducers fixed at.different depths én the two faces and on top of

the compression edge (Fig. 4,19), deflection of 7 dial gauges placed




along the length of the test specimen (Fig. 4.22) and readings of
vertical as well as horizontal load cells have been recorded usually
at load interval of 1000 1lbs initially and 500 lbs at later stage.
All these data have been processed with the help of several computer
programmes as detailed below:

(i) Programme A:

In view of the.large number of data involved, this programme
has been devised simply to obtain a write-up of all the data punched
along with the difference of load, strain and deflection at each
increment of load, so that any error in punching or in recording
could readily be detected.

(ii) Programme B:

Once checking of the data was completed, they were fed in
this master programme which accomplished several computations at
different stages as stated below:

I. From the cross-sectional properties, the centroidal
axis was computed for each test specimen.

1T, tresses induced by the prestressin: . ndons at top
and bottom of cross section were calculated.

III. Stresses produced at top and bottom of cross section due
to axial loading were then computed. These were then added to pre-
stressing stresses and by means of .canestad stress-strain relationship,
strains at top and bottom were calculated. Principle of linear varia-
tion of strain was then applied to find out strains at the level of

the different transducers.
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IV. From the load cell readings, left and right reactions
were obtained and average moment was calculated. To this moment,
moment due to self weight was added.

V. From the dial gauge readings, deflection profile of
the test specimen was obtained; maximum additional moment due to
deflection was then calculated by multiplying axial thrust with central
deflection. This moment added to the moment obtained in phase IV
gave total maximum average moment at midpoint of the specimen.

VI. Operations IV and V were then repeated for each incre-
ment of lcad. Next load, moment and deflections at each gage level
were recorded in tabular form for each increment of load.

VII. From the transducer readings, average strains at six
different depths were obtained. Then strains due to axial loading
and prestressing were added. Average curQature and depth of neutral
axis were then obtained by fitting strains to a straight line varia-
tion.

VIII. Step VII was then repeated for each set of reading.
Hepe it may be noted that once the specimen was cracked, top four
strain readings instead of all six were fitted to straight line varia-
tion in order to avoid any discrepancy due to erratic behaviour of
transducers placed in teﬁsion zone. This has been explained in details
earlier in chapter &.

IX. Load, moment, strains at each depth, average curvature

and depth of neutral axis were recorded in a tabular form. A Flow




Chart attached in Appendix D explains all these steps in detail.

(iii) Programme C:

The purpose of this programme was to define axial thrust-
moment-curvature interactions of the different sections with the help
of the analytical approach shown in Chapter 2. This approach is
unique in the sense that axial load-moment-curvature interactions are
defined when certain sectional and stress-block parameters are only
known. Average strength and average strain of concrete in each series
with Hognestad stress-strain relationship have been used in these
computations. Different operations are stated below:

I. From the sectional properties, ultimate capacity of
the section considered as an axially loaded short prestressed concrete
column has been calculated.

II. Depth of neutral axis for balanced Ffailure was then
computed from section properties.

III. From the expressions developed in Chapter 3, ultimate
axial thrust, ultimate moment and ultimate curvature have been computed
for balanced failure. Also forces and moments contributed by concrete

and steel were calculated to investigate the behaviour of differvent

IV. Next depth of neutral axis was reduced by 0.1 inch at
each step and operation III repeated until depth of neutral axis reached
within top cover; then step III was repeated by increasing depth of

neutral axis from balanced failure position with equal increment of
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0.1 inch. This was repeated up to the full depth of cross~-section,
Again, details of this programme has been presented in Appendix D
in the form of Flow Chart.

(iv) Presentation of Beam-Column Test Results in Graphical Form:

Scam-column test results have been plotted in Figs. 5.15
to 5.58. For each series 'of beam-column specimens, results are pre-
sented in the shape of four grapns as stated below:

L. First of these four graphs shows the axial load-moment
interaction characteristics as computed from programme C. Lxperimental
axial thrust-moment values have been superimposed on this graph to
indicate the correlation.

II. Second graph of each series presents experimental
moment-average curvature relationship up to failure at different axial

load levels.

III.Third graph depicts load-central dGeflection relation-

ship of each specimen at different axial load level,

IV. Fourth curve plots ultimate eccentricity against ulti-
mate curvature for different position of neutral axis. Ultimate cur-
vatures as obtained from writer's expressions have been plotted against
the ratio of the ultimate moment to the ultimate load. Measured

curvature values as obtained from test results are superimposed on the

theoretical curves.
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CHAPTER 6

DISCUSSION

GENLRAL BEHNAVIOUR;:

Due to sectional properties, most of the specimens exhibited
compression mode of failure, though a few failed in tension.

Typical compression failuré may be studied in the behaviour
of test specimen PB1D (Plate 6.1). It cracked at a late stage of
loading and finally very few tension cracks of small height were
developed. T[rom the strain measurements of the different transducer
levels, it was observed that the neutral axis gradually moved towards the
compression face until the compression strain in compression face
reached ultimate concrete strain, €. and concrete crushed. It may
be mentioned here, since high tensile prestressing tendons have high
yield strain, compression steel did not yield before crushing of
concrete and therefore compressive sirains near failure loads did not’
increasr as fast és is typical of concrete reinforced with structural
grade steel,

Test specimen PB8A (Plate 6.2) exhibited typical tension
failure. Tension cracks developed at an early stage of loading and
as lozding continued extensive tension cracks could be observed and
neutr.l axis gradually moved towards the compression face. Near
failure load, the specimen showed considerable ductility and large

deformation took place at small increment of load.

i
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AXIAL THRUST-MOMENT INTERACTION;

In each series of interaction behaviours, axial thrust-
moment interaction curve is the first graph presented (Figs. 5.15,
.19, 5.23, 5.27, 5.31, 5.35, 5.39, 5.43, 5.47, 5.51, 5.55). Average
values of concrete cylinder strengths and experimental average
ultimate strains of concrete were substituted in analytical expres-
sions (developed in Chapter 3) to obtain these interaction diagrams.
The five experimental values of axial thrusts and bending moments
have been superimposed on these graphs. Though only five experimental
points werevobtained in each series, good correlation of experimental
values with analytical results showed that in general analytically
obtained moment-axial thrust interaction diagrams give a goed indica-
tion of the locus of different combinations of axial thrusts and
moments for material failure. The expected and the observed ultimate
moments along with the axial load levels have been presented in
Tables 6.1 and 6.2. A look at thése tables indicate extremely good
cdrrelation.

Due to the sectional parameters and the amount of prestress-
ing force, only two series namely PC5 and PB8 (Figs. 5.31 and 5.55)
have shown positive axial thrust for balanced failure condition .
In all other series, the entire locus comprised of compression failure
only. Here it may be mentioned that although only amount and arrange-
ment of prestressing tendons were meant to be the only variables,
cylinder strength of concrete varied in the different series,despite

of the fact that the same mix design was used althrough.
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In order to study the effect of the variation of steel

reinforcement area on the strength of prestressed concrete beam-column

sections, moment-axial thrust, interaction diagrams for the symmetrically

prestressed and unsymmetrically prestressed sections have been drawn
in Figs. 6.1 and 6.2. In Fig. 6.1, moment-axial thrust interaction

diagram of series PCl to PC5 have been drawn with f' = g k.s.1i,

1
c
Ec = 5000 k.s.i, Es = 30000 k.s.i and €, = 05003 in/in. From
this figure, it may be observed that as the total reinforcement area
changes from 0.9186 sq. in to 0.3196 sq. in in series PCl to PCS,
the ultiméte moment capacity at zero axial load, Mo reduced from
369 kip-in. to 243 kip-in. But at the same time, the axial load
carrying capacity, Po increased from 200 kips to 229 kips. Around
an eccentricity of 1.363 inches, the five interaction diagrams have
intersected each other. It may therefore be observed that increase
in symmetrical prestressing increases the‘load carrying capacity of
beam-columns beyond an eccentricity of 1.363 inches.

In Fig. 6.2, similar trend has been observed for unsymme -
tfically prestressed specimens, series PBl to PB6. In this case,
the ultimate moment capacity at zero axial load, Mo increased
from 2 52 kip~-in to 376 kip-in as the steel reinforcement area was
increased fr;m 0.1598 sq. in to 0.6534% sq. in, whereas the axial
load capacity, Po reduéed from 236 kips to 213 kips. From these
curves, it may be noted that beyond an eccentricity of 1.45 inches,
increase In unsymmetrical prestressing increases the ultimate load

carrying capacity of the beam-column sections. From the moment-

axial thrust interaction curves of rectangular prestressed concrete
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sections, the following observations may be made:

(1) In reinforced concrete sections, the magnitude of
balanced point load, for symmetrically reinforced sections, is
independent of the amount of reinforcement because in reinforced
concrete, compression steel always yields. But in case of prestressed
concrete sections balanced load is not constant, because high tensile
steel used as compression reinforcement does not yield and therefore
the force contributed by compression steel is not constant (Table 6.3).

(2) However, unsymmetrically prestressed sections have
more section capacity than symmetrically prestressed sections. This
may be quite evident from Fig. 6.3. Here, though PBS (unsymmetrically
prestressed), has only half the total reinforcement of PC5 (symmetri-
cally prestressed), their section capacity is more or less same.

(8) Though similar in shape, interaction diagram of
reinforced and prestressed concrete séctions differ in one important
aspect. In case of reinforced concrete sections, maximum moment
capacity is achieved at balanced load level, but for prestressed
concrete beam—coiumn sections this is not so. This apparent difference
in behaviour could easily be explained from Fig. 6.4, Here the force
contributed by éoncrete, Cu increased at a much faster rate than
the decrease in the force contributed by the steel, Tu as the
depth of neutral axis is increasing. This may be explained by the
fact that the change in force caused by steel strain is quite small
compared to initial j)restressing force. Hence, rapid increase in

CQ causes concrete moment, C, curve to rise sharply until the
: M
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neutral axis reaches up to a depth of 4 in. Thereafter, the force
Cu continues to increase at the same rate but by now the moment
arm has been reduced significantly and therefore CM curve flattens
out and gradually decreases after neutral axis has crossed a depth

of 5 in. Since the ultimate moment capacity is given by the expres-

sion:

and the cdﬁtribution of TM is very small, Mu is mainly influenced
by concrete moment, CM . Thus, ultimate moment, _Mu continues to
increase beyond the balance point up to a depth of neutral axis of

5 in. when it reaches the peak and then gradually decreases.

(4) In Figs. 6.5 and 6.6, the variation of the ultimate
load with the area of longitudinal: steel réinforcement have been
compared for % ratios of zero and i, where e is the eccentricity
of the load and t 1is the total thickness of the section. From
these two figures, it is evident that for both symmetrically and
unsymmetrically brestressed sections, the ultimate load decreases
with the increase of longitudinal steel at %-r=0 . For 6000 psi
concrete in fié. 6.5 as the longitudinal reinforcement area reduces
from 0.9186 sq. in. to 0.319 s8q. in. in series PCl to PC5, the
ultimate load capacityvdecreases from 229 kips to 199 kips for

e

—_— = ()

t

is from 145 kips to 113 kips. But when the %— ratio is increa§ed

. In case of 4000 psi concrete, the corresponding reduction

to 1, there is a slight increase in the ultimate load capacity of




gy

=

AR

77

both symmetrically and unsymmetrically prestressed sections with the
increase of the area of longitudinal reinforcement. For 6000 psi
concrete in Fig. 6.5, as the longitudinal reinforcement area reduces
from 0.9186 sq. in. to 0.3196 sq. in. in series PCl to PC5,the
ultimate load' capacity increases from 32 kips to 45 kips for %
ratio of 1. For 4000 psi concrete cdrresponding increase in from
25.3 kips to 33.5 kips. In Fig. 6.6, similar trend for unsymmetrical-
ly prestressed sections, PBl to PB6 has been noticed.

(5) Reduction of the load capacity of beam columns as
compared to the load carrying capacity of axially loaded columns,
Pu/P Axial ™Y be estimated both for symmetrically and .unsymmetrical-
ly prestressed sections for different values of% ratios from the Figs.

6.7 and 6.8.

MOMENT-CURVATURE-AXIAL THRUST RELATIONSHIP:

The secohd graph in each series presents the variation of
moment-curvature relationship at various axial load levels (Figs.
5.16, 5.20, 5.24, 5.28, 5.32, 5.36, 5,40, S.hu4, 5,48, 5.52, 5.56),
A study of these figures indicate the manner in which axial load
influences the ductility in the different series. The experimental
and analytical values of ultimate moments and the curvatires at
ultimate load for the different axial load levels of the different

series have been presented in tabular form in Tables 6.1 and 6.2,
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In Series PCl (Fig. 5.16) all the axial load levels have
been higher than the balanced load. Curvature at ultimate load
varied from 0.001002 rad./in at zero axial load to 0.000627 rad/in
at the axial load of 95 kips (Table 6.1).

The ratio of ultimate curvature at different axial load
levels to the ultimate curvature at zéro axial load, ¢u/¢o varied
from 1 to 0.6146 as the ratio of ultimate moments at different
axial loads to the ultimate moment at zero axial load, Mu/Mo was
varied from 1 to 0.9443. From Fig. 5.16, it may be observed that
the speéimens became gradually stiffer as the axial load was increased.
At the axial load of 85 kips, the section was initially stiffer than
the other members of the same series (PC1), but near the ultimate
moment value, it became less stiff. From Table 6.1, it may be
observed that from PCIC to PC1D, reduction in Mu/Mo was 0.0279
whereas the reduction in ¢u/¢o was 0.1265. But from PCI1D to PC1E,
reddbtion of Mu/Mo was 0.0379 as compared to the reduction of 0,0470
in ¢u/¢o - Thus it is seen that the reduction in Mu/Mo increased
from PC1D +to PCIE wﬂereas the reduction in ¢u/¢o decreased
and therefore -there was little loss in stiffness in PCIE.

Series PC2 and PC3 (Figs. 5.20, 5.24 and Table 6.1) showed
similar trend in behaviour, that is, the value of the ultimate curva-
ture gradually reduced as the axial load level was increased from
zero to 95 kipé and a slight loss of stiffness at the axial load

level of 95 kips was observed. In PCYE, (Fig. 5.28) axial load of

e BT




95 kips was not much higher than fhe balanced load, therefore the
loss of stiffness at this axial load level was not noticeable. In
series PC5 (Fig. 5.32), due to the decrease in the area of longitudin-
al reinforcement tensile failure was observed at zero axial load
level (PCs5A) and the value of ultimate curvature of 0.001751 rad/in
was quite high. But as the axial load level was increased to around
balanced load (PC5B), the value of ultimate curvature drbpped to
0.001484% rad./in. This value was further reduced to 0.000678 vad./in
as the axial load level was increased to 95 kips. .

In case of unsymmetrically prestressed sections, series
PBl to PB6, same general trend has been observed. In series PBl
(Fig. 5.36), since the axial load level was much higher than the
balanced load, the value of ultimate curvature of 0.000953 rad./in at
zero axial load (Table 6.2) was quite low. .This value was further
reduced to0:0.000521 rad./in as the axial load level was increased
to 95 kips and there was a slight loss of stiffness at near the
ultimate load of 95 kips (Fig. 5.36) due to the reason explained
above., From Fig. 5.36, it may be observed that as the range of axial
load levels were very close and much higher than the balanced load
level, the moment-curvature relations were located in a narrow band.
Series PB2 to PB5 (Figs. 5l.uo, 5.44, 5,48, 5.52 and Table 6.2)
showed the same general characteristics. But as the amount of
longitudinal steel reinforcement was reduced from 0.6534 sq. in. in

PB2 to 0.3196 sq. in. in PB5, the value of ultimate curvature at
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zero axial load level increased from 0.001101 rad./in in PB2 to
0.001254 rad./in in PB5, Same trend was observed at other axial
load levels. In case of series PB6 (Fig. 5.56 and Table 6.2) the
amount of longitudinal steel reinforcement reduced to 0.1598 sq. in.
and therefore tensile failure was observed at low axial load levels,
PB6A and PB6B. The value of the ultiﬁate curvature at low axial
load levels were correspondingly quite high (0.001669 and 0.001623
rad/in respectively for PB6A and PB6B), but as the axial load level
was increased to 95 kips (PB6E), the value of the ultimate curvature

'

reduced to 0.000736 rad./in.

TRANSVERSE LOAD VS. DEFLECTION AT MIDPOINT:

The third graph in each series (Figs. 5.17, 5.21, 5.25,
5.29, 5.33, 5.37, 5.41, 5.45, 5.49, 5.53 and 5.57) exhibits variation
of the mid~point deflection with the transeverse load at different
axial load levels..

In series PCl (Fig. 5.17), at zero axial load, PClA, deflec-
tion at mid-point was 0.43 inches at the ultimate load. But the
amount of deflection at mid-point gradually reduced to 0.17 inches
as the axial load level was increased to 75 kips. However, at the
axial load level of 95 kips (PCIE), final deflection at the mid-point
of the specimen was slighty increased to 0.175 inches and the section
showed slight loss of stiffness. For the rest of the symmetrically
prestressed series, PC2 to PCS5, similar trend of increasing stiffness.

with the increase in axial load was observed.
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For the unsymmetrically prestressed sections, PBl to PB6
(Figs. 5.37, 5.41, 5.45, 5.49, 5,53 and 5.57) similar trend was _
observed. However, as the amount of longitudinal reinforcement was
reduced from 0.6534 sq. in. in PBl to 0,1598 sq. in. in PB6, the
final value of mid-point deflection at failure load increased from
0.34 inches to 0.85 inches (Figs. 5.37 and 5.57).

From these observations, it may be concluded that:

'(l) Both symmetrically and unsymmetrically prestressed
sections gain stiffness against deflection as the axial load level
is increased.

(2) Increase in the longitudinal reinforcement and therefore
in the prestressing force reduces mid-point deflection in both

symmetrically and unsymmetrically prestreséed sections.

ECCENTRICITY VS CURVATURE AT THE ULTIMATE LOAD:

As explained in the Chapter 5, theoretical values of the
curvatures at uléimate load have been plotted against the eccentrici-
ties at ultimate load, as obtained from computer programme C, as
the fourth gréﬁh in each series (Figs. 5.18, 5.22, 5.26, 5.30, 5.34,
5.38, 5.42, 5.46, 5.50, 5.54 and 5.58). From these curves and also
from Tables 6.1 and 6.2; it méy be noted that the curvature at
ultimate load increased rapidly with the increase of eccentricity at
low values of eccenfricity but the rate of increase was gradually

reduced as the eccentricity was increased to higher values and became
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almost flat at very high eccentricities. This same trend has been
shown by all the series. However, in series PC5 and PB6 (Figs. 5.34
and 5.58) which exhibited balanced failure at positive axial thrust,
there was an apparent break in the curve at balanced failure point.
From tables 6.1 and 6.2, and Figs. 6.9 and 6.10 it may be observed
that both for symmetrically and unsymmetrically prestressed rectangu-
lar sections, ultimate curvature increases with the decrease in the
amount of longitudinal reinforcement.

wFig. 6.11 shows.the comparison of variation of curvature
with eccentricity at ultimate load of unsymmetrically prestressed
series PBl with symmetrically prestressed series PC2. These two
series have same total amount of longitudinal reinforcement of 0.6534
sq.in., but PC2 exhibits about 1.5 times higher curvature than PBl
at the same eccentricity levels of 20 inches and higher.

The four experimental valués of eccentricity and curvature
at ultimate load in each series have been superimposed on the theore;
tical curves and in general good correlation has been obtained (Table
6.1 and 6,2). Little amount of scatter in some cases, specially at
low axial load level may be ascribed to the sensitivity of the
curves to thé.variation of ultimate strain (Fig. 6.12). Since average
experimental ultimate strains have been used in the compilation of
these curves, little bit of scatter is naturally expected, specially
when ultimate strain varied from 0.00357 to 0.004559 in some cases.

Although only 4 points have been compared in each series, which does

BT




not allow to make any conclusive étatement, the general trend may
be summarised as follows:

(1) Analytical expressions as obtained from writer's
analysis give a satisfactory indication of the relationship of
curvature with eccentricity at ultimate load for prestressed concrete
beam-column sections.

(2) Ultimate curvature is greatly sensitive to the amount
of prestressing tendons. Both in symmetrically and unsymmetrically
prestressed sections, increase in longitudinal reinforcement decreases
curvature at ﬁltimate load (Tables 6.1 and 6.v2).

(3) Curvature at ultimate load is also quite sensitive to
ultimate compressive strain of concrete, €. . An increase in
ultimate concrete strain increases curvature at ultimate load signi-
ficantly (Fig. 6.12). |

(4) Symmetrically prestressed sections are more ductile
than unsymmetrically prestressed sections, especially at high eccen-

tricity of loads (Fig. 6.11).

VARIATION OF ¢/¢  WITH 1>U/r=[,m;.h,%l :

Nondimensional load-curvature relationship has been presented
both for the symme'tr‘ical?ly. and the unsymmetrically prestressed series
in Figs. 6.13 to 6.16.

In Fig. 6.13, average curves have been drawn for the five
experimental points 'of PU/PAxial VS; ¢/¢0 relationship for the

five symmétrically prestressed series, PCl to PC5. It may be observed

that PC1l (p = 0,0191) has 50 percent more ¢/¢o value than PC5

(p = 0-006§) for PU/PAxial ratio of 0.4. That means, for the

’
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same ratio of axial load level of 0.4, the reduction in ductility
from zero axial load level in PC5 was about 50 percent more than in
PCl. Similar trend has been observed in the unsymmetrically pre-
stressed series, PBl to PB6 (Fig., 6.14). In this case at the same
PU/PAxial ratio of 0.4, the reduction in ductility from zero axial
load level was about 75 percent more in PB6 (p == 0,0033). than
PB1 (p == 0.0136). These values of 50 and 75 percent reduction (Figs.
6.13 and 6.14) however gradually decreased as the axial load level
approached zero.

In Figs. 6.15 and 6.16, correlat;on of the experimental
and theoretical values of PU/PAxial Vs, ¢/¢o relationship have
been-shown. In both the figures, the firm line indicates theoretical
values obtained from Programme C by using average values of
experimental ultimate strain, €4 0 whereas the dotted line has been
drawn by using the ACI value of €4 = 0.003. From the figures, it
my be observed that the correlation of experimental points with the
theoretical curves has been extremely'good. In both the figures, it
is also evident that ACI value of €, = 0.003 gives conservative

estimate of ductility, especially at high axial load levels and for

higher reinforcement ratios (PCl and PB1),

POSSIBLE ERRORS IN TEST AND ANALYSIS:

Both the experimental tests and the analytical methods

" reported in this thesis are liable to be subjected to some inadvertent

errors. Despite of best efforts, the components of variables in the
tests could not be perfectly controlled and some of the assumptions

of the analytical work may not be strictly true. Therefore, possible’

84
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sources of error are indicated in the following discussion:

(1) Three 6 inches long control cylinders were used as a
measure of concrete strength in the specimens in each series. Al-
though the specimens as well as the control cylinders were cast from
the same batch of concrete and cured under identical condition, they
showed some variation in strength and therefore average value of fé
had to be used. ~

(2) The sectional dimension of the test specimens were
found to vary up to 1/8 inches which contributed to some variation in
ultimate loads.

(3) Yield points of prestressing tendons of same diameter
varied a little bit in the different lots.

(4) Position of prestressing tendons might possibly have
differed little bit from intended position due to some minor fault
in formwork and casting.

(5) The amount of prestfessing force was determined by
meésuring hydraulic pressure in prestressing jack as well as by thé
measurement of actual elongation with the help of a measuring scale.
Both of these methods being vefy crude, it is expected that some
error might have been intpoduced here.

(6) Final prestressing force was calculated by subtracting
expected losses from initial prestress, which has probably led to
some error.

(7) Due to the amount of prestress on concrete for about

a month, stress-strain relationship of test specimens might be little




bit different from plain concrete cylinders,

(8) Although horizontal pins used to transfer axial
thrust performed satisfactorily, sometimes it was observed that on
application of axial thrust, the specimens tended to move vertically
due to rotation at the bearings. In most cases corrective measures
were successful while in others new elevation of test specimen had
to be considered. |

(9) Some error might have crept dnto due to unsymmetrical
positioning of load plates about longitudinal éxis. This was evident
by difference in strain shown from transducers at same depth placed
on front and rear face.

(10) In:order to avoid damage to the transducers, they had
to be removed sometimes before the final crushing of concrete. This

obviously led to incomplete moment-curvature relationship.
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CHAPTER 7

CONCLUSION

In view of the number of specimens tested and the analytical
results obtained, it 1is quite evident that the general trend shows
good agreement and therefore following conclusions may be made:

(1) The mode of behaviour and failure pattern of the pre-
stressed concrete beam-column sections are quite similar to the rgin-
forced coﬁcrete sections under combined bending and axial load.

Final failure in the specimens is caused by crushing of concrete at
an ultimate compressive strain, éu ranging from 0.003570 to
0.005857 in/in. After crushing, load capacity suddenly falls.

(2) However, there is one important deviation in the
moment-axial thrust interaction diagram of the prestressed concrete
beam-columns from those of the reinférced concrete sections. Unlike
reinforced concrete, moment capacity in prestressed concrete sectionsl
increase even beyond balanced load (Fig. 6.4).

(3) dnlike structural grade steel in the reinforced con-
crete beam column sections, high tensile tendons used as compression
steel in preétfessed concrete sections do not yield when concrete
crushes. This results in varying balanced load in prestressed con-
crete beam-columns (Table 6.3)..

(4) In the prestressed concrete beam-column sections, con-
siderable amount of ductility is exhibited for tension failures and

this decreases as axial load level is increased to balanced load and
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beyond. However, as the axial thrust is further increased, an
apparent slight increase in ductility is evident. This is because
rate of reduction of moment capacity is greater than rate of reduc-
tion in curvature at that axial load level (Tables 6.1 and 6.2).

(5) Stiffness of prestressed concrete beam-column sections
against rotation increases with increased axial load level up to certain
axial thrust and then it falls (Fig. 5.16).

.(6) Curvature of the prestressed concrete beam-column
sections at ultimate load is greatly influenced by the ultimate com-
pressive strain of concrete, prestressing force and axial thrust
(Fig. 6.12, Tables 6.1 and 6.2),

(7) Ductility of the prestressed concrete sections are
increased with decreasing longitudinal reinforcement (Figs. 6.9 and
6.10).

(8) The strength capacity of unsymmetrically prestressed
sections are higher than symmetrically prestressed beam-column
sections (Fig. 6.3).

(9) On the other hand, symmetrically prestressed sections
are more ductile than unsymmetrically prestressed beam-column sections,

especially at high values of eccentricity (Fig. 6.11).

SUGGESTIONS FOR FUTURE RESEARCH:
In view of the experimental and analytical work done, some

suggestions for future investigations may be made:




(1) Analytical expressions developed for moment-curvature-
axial thrust interactions have been verified by limited number of
experimental data. Hence, some more experimental work in this
direction specially at higher values of eccentricity would be quite
beneficial.

(2) Many investigators have found out variation in the
stress-strain relationship of plain concrete and concrete which has
been prestressed under load for sometime. This has been .attributed
to creep effect. The creep characteristics of concrete will play-an
important part in determining not only the effects of prestressing but
also rate of loading,

(3) Research in the field of yield interaction characteris-
tics would certainly be helpful in understanding the behaviour of

prestressed concrete beam-column sections.
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APPENDIX B: TABLES
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TABLE 4,2: SLUMP AND ENTRAINED AIR PERCENTAGE OF THE TEST SPECIMENS.

SPECIMEN NO. SLUMP (INCHES) % ENTRAINED AIR
PC1 _ - 4.6
PC2 _ - 2-3/4 . 4.y
PC3 | -3 3.9
PCy 2-3/4 3.9
. !
PC5 . 3 4,5 .
/ PB1 _ .3 - 4.5
PB2 - 2-3/4 3.9
PB3 3 : 3.9
PB4 : 2-3/4 ' C by
PB5 (. 3 ' ' 4.6
\
\,
PBB | . 2-3/4 5.0
‘!' -




i o

: o)

—

|

! AR S O/ 81 T AH 4 AH h

m . g . : . Kz ‘von'o

¥§L'-0 “¥SL0* -0 sn1d sn1d sn1d so1d ZH 004-0S  VE'0-0 AOHI0

| . JVA 052-0T2

W ‘A05-0 ‘AS-0 aT°0 %20°0 %710°0 %T0°0 /S¢i=S0T  V¥3'0-0 A0Z-0

: IHZIND  FOVITOA
AR (o)) HOVITOA dOV.ITOA I2YLTOA
"LSH0D " LSNOD TLSNOD *LSNOD 2'a "0«

SIONYE MALIN  ALLTIEVLS  *44300 WAL ROTAVIMOM THIT  NOTLVIADM avor1 INdNI LNd1nNo

ATddNS YAKod 24 €4029 TIGOH 10O STINIVAS ‘€'t J19VL




sezves

TABLE 5,.,1: LOAD CELL READING FOR TEST SPECIMEN PCuB

Specimen No: PCuB Date: 30th August, 1968
Instrument Zero Reading: 0-10 . Zero-Load Cell No. 6: 0-~10
Input Zero Reading: 0-10 Zero-Load Cell No. 5: 0-10

Axial Load: 25 K . Zero-~Load Cell No. 4: 0-10

Reading No. Load Cell 6 Load Cell 5 Load Cell 4 Remarks

Initial 10 10 10
1 | 2000 2000 25000
2 _ 3850 14000
3. | 5670 6000
'
4 7510 8000 |
5 9360 . . 10000
6 10270 11000 - | 25120
7 11220 12000
8 +12000 13000
9 . 13020 14000
10 13550 15000
1 | " 170 j 16000 25240

12 - ' 15670 17000 i
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TABLE 5.1: LOAD CELL READING FOR TEST SPECIMEN PC4B (CON'D)

Reading No. Load Cell 6 Load Cell 5 Load Cell 4 Remarks

/

13 16550 18000
4 17470 19000
15 18370 20000
16 19280 21000
’ {
17 20260 22000
18 21120 . 23000
19 22130 24000
20 23160 . 25000
21 : 23960 26000

22 125040 27000

A

\

' \
23 ' 26090 28000
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TABLE 6.3:

Specimen -
No.

PCl

PC2

PC3

PCu4

PC5

PB1

PB2

PB3

PBY

PBS

PB6

VARIATION OF BALANCED LOAD WITH THE STEEL AREA

Total Compressive Total Tensile
Re inforcement . Reinforcement
. (Sq. In.) (Sq. In.)
0.4593 ' 0.4593
0.3267 0.3267
0.3062 . 0.3062

. {
0.2397 : 0.2397
0.1598 ' 0.1598
- 3 | 0.6534
- ' 0.5445
- k o o 0.4356
\ - , ' 0.3995
\
) - 0.3196
)
{ ]
- ' 0.1598

1208

Balanced
Load
(Kips)

-98.8
=56 .4
~49.9

~28.6

-100.5

-80.3

- ~50.9

~46.1

-2u.6

4.8
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PLATE 4.1 — ARRANGEMENT OF EXTERNAL STIRRUPS, TRANSDUCERS
AND LATERAL LOADING.

: . PLATE 4.2 — POSITION OF DEFLECTION BRIDGE.
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PLATE 4.3 — END CONNECTIONS FOR AXJIAL LOADING AT THE
HYDRAULIC RAM END.

PLATE 4.4 — END CONNECTIONS FOR AXIAL LOADING AT THE LOAD
CELL END.
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PLATE 4.5 — SONIC TEST OF CONTROL PRISMS IN
SCT4 ELECTRODYNAMOMETER.
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PLATE 6.1 —

PLATE 6.2 —

COMPRESSION FAILURE EXHIBITED BY PBID.

TENSION FAILURE EXHIBITED BY PB6A.
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PLATE 6.3 — VARIATION OF CRACK PATTERN WITH AXIAL LOAD
IN SERIES PCI.

PLATE 6.4 — VARIATION OF CRACK PATTERN WITH AXIAL LOAD
IN SERIES PB3.
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e
REARAEEHY

!
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1
i
B

e
3
i

8,
%

B

T

SIS

23

I

RN

S

A 7

I/READ NAME OF SPECIMEN

!

WRITE NAME OF SPECIMEN ]

!

(READ NUMBER OF DATA SET, N

IF (N) =VE OR ZERO ,(stop

+VE
| =N+ 1|
!

[:RBAD OBSERVED CRACKING STRAIN, OBCRSR

\

rREAD B,D,CCLCT,HC,HT, A 1 4A o0 _osA_,oE) £ oy 1 Fsp 1B E g AT

|

| WRITE B,D,CC,CT,HC,HT,A L oA oA 15 EL,

i

| CALCULATE CENTROIDAL AXIS |

£oy*TspBsEeAF

L.

CAILCULATE STRESSES AT TOP AND BOTTOM DUE TO PRESTRESS AND
AXIAL FORCE

COMPUTE STRAINS DUE TO COMBINED STRESSES AT TOP, BOTTOM AND
DIFFERENT LAYERS OF TRANSDUCERS FROM STRESS-STRAIN DIAGRAM

OF CONCRETE

i
i
|
R
g

COMPUTATION OF ACTUAL CRACKING STRAIN
CRSR = OBCRSR + STRAIN DUE TO AXIAL LOAD AND PRESTRESS

!

WRITE'STRESSES AND STRAINS AT TOP AND BOTTOM :]

:

/FEEDING OF LEFT AND RIGHT LOAD CELL READINGS
READ R(I,1) veeeeeeeeeas R(I,2) I =2,M

4
/fBEDING OF ALL TEN TRANSDUCER READINGS
READ T(I,1) seseccesseseT(I,10) I =1 ,M

/'FEEDING OF ALL SEVEN DEFLECTION GAUGE READINGS
READ G(I,1)euierenereeesB(I7) I =1,M

D)

FLOW CHART FOR PROGRAMME B
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7

SETTING INITIAL LOAD CELL READINGS TO ZERO
R(I,1) =0  R(I,2) =0

[

SETTING APART INITIAL TRANSDUCER READINGS
TI(J) = T(1,J), J = 1,10

!

SETTING APART INITIAL DEFLECTION GAUGE READINGS
GI(J) = G(1,J), J =1,10

FAC 3 == 0,001 FAC 4 = 0.0001
I=1
le—

1

CONVERSION OF DEFLECTION GAUGE READINGS TO DEELECTION VALUES
G(I 1) = 6(I,1) - GI(1) x FAC 3

é(I,?) = G(I,7) - GI(7) x FAC &4

:

COMPUTATION OF LOAD FROM LOAD CELL READINGS
RAV(I) = (R(I,1) + R(I,2) - 600)/4000
: RTL(I) = 2 * RAV(I)

I

COMPUTATION OF BENDING MOMENTS
BMSW = 0.3 & 62/8
BML = R(I,1) = 22/2000
BMR = R(5,2) * 22/2000
BMLL = (BML + BMR)/2
BMDF = ~-G(I,4) % AF
BMF(I) = BMSW + BMLL + BMDF.

:

WRITING OF LOAD, MOMENT AND DEFLECTION VALUES
__WRITE I, RTL(I), BMF(I), 6(I,1) ...G(I,7)

T —

| I=I+1

NO

FLOW CHART FOR PROGRAMME B(CONTD.)




9

FACL == (0.01 % 2.25)/(4 % 34 % 1000)
FAC2 = (0,01 * 2,25)/(4 % 33 % 1000)

213

COMPUTATION OF STRAIN FROM TRANSDUCER READINGS
T(I,J) = (((T(I,d) - TI(J)) * FAC1), J = 1,8
T(I,J) = (((T(I,J) - TI(J)) * FAC2), J = 9,10

!

LOAD CALCULATION FROM LOAD CELL READINGS
RAV(I) = (R(I,1) + R(I,2) + 600)/4000
RTL(I) = 2 % RAV(I)

1

COMPUTATION OF STRAIN AT THE SIX DIFFERENT LEVELS DUE
TO PRESTRESS, AXIAL LOAD AND IATERAL LOAD
STRI(I) = T(I,10) + ETAT .

STR6(I) = (T(I,5) « T(I,6))/2 + ETA6

]

CALCULATION OF BENDING MOMENTS
BMSH == 0.3 * 62/8
BML = (R(I,1) * 22.0)/2000

BMF(I) == BMSW + BMLL « BMDF

}

WRITING OF LOAD, MOMENT AND STRAIN AT DIFFERENT LEVELS
WRITE I, RTL(I), BMF(I), STRI(I)...... STR6(I)

'

B =141

FLOW SHEET FOR PROGRAMME B (CONTD.)
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FITTING OF STRAIGHT LINE: Y = A+ WX

:

POSITION OF TRANSDUCERS WITH RESPECT TO CENTRE LINE OF BEAM DEPTH
X(1) = 4.0 3 X(2) = 3.5 ; X(3) = 1.5 ; X(4) = 0.5 ; X(5) = -8.,5 3 X(6) = 3,25

|
1=1

|
Y

ARRANGEMENT OF STRAIN READINGS INTO ARRAY
Y(1) = STR1(I); Y(2) = STR2(I); Y(3) = STR3(I)
: Y(4) = STRA(I); Y(5) = STR5(I); Y(6) = STR6(I)

NE — g |0 OR + VE —
WRITE X(1), Y(1) ... Y(6) e WRITE X(1),Y(1) ...Y(4)

: SUM X = 0; SUMY =0; SUMXY=0; SUMXQ =0

v

EER |

OBTAINING SUMMATION OF SQUARES
SUMX = SUMX « X(J); SUMXY = SUMXY + X(J) * Y(J)
SUMY™= SUMY +'Y(J) SUMXQ = SUMXQ + X(J) #* X(J)

1

Jg=J+ 1

FLOW CHART OF PROGRAMME B (CONTD).

COMPUTATION OF VALUES OF A AND W AND FINDING DEPTH OF NEUTRAL AXIS
A(I)= ® ¢ 0230000900000 .
"(I)“ ses e Tevooovssrosn v

DNACI) = L iieeeeansocee

!

COMPUTATION OF FITTED VALUES OF STRAINS i
Z(L) = A(I) + W(I) * X(L), L = 1,NF

WRITE X(L), 2Z(L), ACI), W(I) |

)
I=I4+1 IF I > M

NO

YES

WRITING OF LOAD, MOMENT, SLOPE AND DEPTH OF NEUTRAL AXIS
WRITE I, RTL(I), BMF(I), W(I), DNA(I), I = 1,M

O
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- '/READ TOTAL NUMBER OF SERIES, N

[kEAD NAME OF SERIES

!

‘ . WRITE NAME OF SERIES

p
READ B,D,CC,CT,HC,HT,A 1A osA oA

‘

WRITE B,D,CC,CT,HC,HT,Aél,ASQ,Ass,Asu,fé,fsy,fsp,Es,Ec,e
!

COMPUTE AND WRITE DEPTH OF CENTROIDAL AXIS

!

CAICULATE AND WRITE ULTIMATE AXIAL LOAD
¥

FIND NEUTRAL AXIS FOR BALANCED FAILURE,CB

:

FIND STRAINS AT THE LEVEL OF DIFFERENT STEEL LAYERS

!

CALCULATE FORCES CONTRIBUTED BY STEEL, TU AND CONCRETE,CU

i

CALCULATE ULTIMATE LOAD BY ALGEBRAIC SUMMATION OF TU AND CU

!

COMPUTE MOMENTS CONTRIBUTED BY STEEL, TM AND CONCRETE, CM

1

FIND ULTIMATE MOMENT BY SUMMATION OF CM AND TM

;

ULT IMATE ECCENTRICITY = ULTIMATE MOMENT/ULTIMATE LOAD

t

COMPUTE ULTIMATE CURVATURE ¢U BOTH FROM WRITER'S EXPRESSION
AND BY DIVIDING ULTIMATE STRAIN BY DEPTH OF NEUTRAL AXIS

!

WRITE DEPTH OF NEUTRAL AXIS, FORCES AND MOMENTS CONTRIBUTED
BY STEEL AND CONCRETE, ULTIMATE LOAD, ULTIMATE MOMENT, ULTIMATE
- ECCENTRICITY, ULTIMATE CURVATURE

v

(To TENSILE FAILURE )

e
su’fc ’fsy’fsp’Es ’Ec €y

u

\ . - FLOW CHART FOR PROGRAMME C

—- d“‘ L




"

ASSUME DEPTH OF NEUTRAL AXIS FOR TENSILE FAILURE, CBT EQUAL

TO CB

le
4

CBT = CBT - 0.1

3

FIND STRAINS AT THE LEVEL OF DIFFERENT STEEL LAYERS

!

FIND FORCES CONTRIBUTED BY STEEL, TU AND CONCRETE, CU

l

CALCULATE ULTIMATE LOAD BY ALGEBRAIC SUMMATION OF TU AND CU

!

COMPUTE MOMENTS CONTRIBUTED BY STEEL, TM AND CONCRETE, CM

!

FIND ULTIMATE MOMENT BY SUMMATION OF CM AND TM

:

-} ULTIMATE ECCENTRICITY == ULTIMATE MOMENT/ULTIMATE LOAD

COMPUTE ULTIMATE CURVATURE ¢U BOTH FROM WRITER'S
EXPRESSION AND BY DIVIDING ULTIMATE STRAIN BY
DEPTH OF NEUTRAL AXIS

b

WRITE DEPTH OF NEUTRAL AXIS, FORCES AND MOMENTS

CONTRIBUTED BY STEEL AND CONCRETE, ULTIMATE LOAD,
ULTIMATE MOMENT,,ULTIMATE ECCENTRICITY AND ULTIMATE CURVATURE

NO~

CBT < CC

> YES

y
TO
‘COMPRESSIVE
FAILURE

' FLOW CHART FOR PROGRAMME C (CONTD)




S

4;.
|
i
i
!
|
|
i
i
|
1
[
i
]
|

COMPRESSIVE
FAILURE

ASSUME DEPTH OF NEUTRAL AXIS CBC EQUAL TO CB

i
CBC == CBC + 0.1

:

FIND STRAIN AT THE LEVEL OF DIFFERENT STEEL LAYERS

FIND FORCES CONTRIBUTED BY STEEL, TU AND CONCRETE, CU

)

CALCULATE ULTIMATE LOAD BY ALGEBRAIC SUMMATION
OF STEEL AND CONCRETE FORCES

!

COMPUTE MOMENTS CONTRIBUTED BY STEEL, TM AND CONCRETE, CM

!

CAICULATE ULTIMATE MOMENT BY SUMMATION OF TM AND CM

!

ULTIMATE ECCENTRICITY == ULTIMATE MOMENT/ULTIMATE LOAD

i

COMPUTE ULTIMATE CURVATURE ¢U BOTH BY WRITER'S
EXPRESSIONS AND BY DIVIDING ULTIMATE STRAIN
BY THE DEPTH OF NEUTRAL AXIS

i

WRITE DEPTH OF NEUTRAL AXIS, FORCES AND MOMENTS
CONTRIBUTED BY STEEL AND CONCRETE, ULTIMATE
LOAD, ULTIMATE MOMENT, ULTIMATE ECCENTRICITY

AND ULTIMATE CURVATURE

FLOW CHART FOR PROGRAMME C (CONTD)
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