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DUCTILITY OF PRESTRESSED CONCRETE MEMBERS

R. W. G. Blakeley* and R. Park*#*

Summary

An analytical determination of the moment-
curvature relationships of prestressed concrete
members under high intensity monotonic loading
i3 presented; and compared with experimental
results. The effects on ductility of such
variables as transverse reinforcementy; distribu-
tion of the prestressing steel within the
section, steel area ratio, and axial load are
described. A comparison is made of the duct-
ility available in comparable prestressed and
reinforced concrete members. The results of
tests on prestressed concrete beam-column
assemblies under high intensity cyclic loading
are referred to and conclusions are drawn on
the seismic resistance of prestressed concrete
members. Load factors for seismic design are
discussed.

1. Intreduction

The use of prestressed concrete for primary
seismic resistant elements has been a subject
of some controversy. A survey of the back-
ground to this controversy and the current
philosophy of seismic design of prestr?ssed
concrete has been Breviously published”. While
some investigators® have expressed confidence
in the ability of certain types of prestressed
concrete structures designed using a conven-
tional code approach to withstand strong earth-
guakes, design engineers have generally been
cautious in their use of the material for
seismic resistance. The principal reasons for
caution have been an acknowledgement of the
greater elastic recovery and hence lower energy
dissipation characteristics of prestressed
concrete relative to reinforced concrete, and a
fear that prestressed concrete is a brittle
material without significant post elastic
ductility being available.

The moment-curvature relations for pre-
stressed concrete under monotonic and cyclic
loading hold the key to an understanding of
ductility and energy dissipation respectively.
This paper presents the results of an analy-
tical study of the behaviour of prestressed
concrete under monotonic loading,; and the
affect of a number of practical section varia-
hles on ductility are discussed. The results
of an experimental investigation into the
behaviour of prestressed concrete members under
high intensity cyclic loading are refgrred toy,
but are more fully reported elsewhere~.

It is sometimes argued that the response
of a prestressed concrete structure to a severe
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earthgquake will be greater than that of a
comparable reinforced concrete structure,
because of the smaller energy dissipation
capacity and lower percentage critical viscous
damping. This could mean that the use of
higher load factors for seismic design of pre-
stressed concrete structures are warranted, or
alternatively,; that more ductile sections are
required. The subject of locad factors for
prestressed concrete is reviewed in the light
of the results of this study.

2. 'Theory for Monotonic Loading Analysis
2.1 Assumptions
The following assumptions will be made:

(i) Plane sections remain plane after
flexure.

(ii) The stress-strain relationship for
concrete in compression is representeﬂ by the
expression developed by Kent and Park™. The

relationship is illustrated in Fig. 1. There
are three regions as follows:
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where p" = binding steel ratio; b® = minimum
dimension of confined core, and s = spacing of

transverse reinforcement.
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This relationship allows for a variation in
slope of the falling branch section of the
stress-strain curve according to the concrete
strength and the degree of confinement.
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{iii) The maximum tensile strength of the
concrete is assumed to be given by the expre-~
ssionze

£1 = ?.5«/1‘(": p.S.i. e e ()

The stress-strain relaticnship in tension is
assumed tc follow the slope of the parabola of
Region OA at the origing and is given by,

s o o (8)

(iv) The stress.strain relation for the
prestressing steel 1is assumed to be of a
Ylinear-hyperbolic curve-linear"™ form as is
illustrated in Fig., 2. The three regions which
comprise the stress-strain relationship are
expressed by:
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The hyperbolic assumption for the curved
part of the stress-strain relation fits closely
to experimental curves from steel control
specimens.

(v) It is assumed that all losses in
prestress due to time dependent effects have
occurred at the time of loading for which the
theory is determined.

2.2 Development of Moment-Curvature Relation-
ship

The theory enables moment-curvature
relationships to be computed for sections with
general dimensionsy with or without axial load,
and with the prestressing tendons distributed
into up to five positions down the section.
The moment-curvature relationship is obtained
in three successive stages depending upon the
position of the neutral axis, as illustrated
in Fig. 3. For the purpose of a general
illustration an eccentric prestressing force
is assumed, It is to be noted that the
curvature 1s given by the angle ¢ in the
figure.

2.2.,1 Stage 1

When the section is subjected to prestress-

ing force only it will have a negative (hogging)

curvature if the prestressing force has a dowr-
ward eccentricity. The initial curvature may
be calculated directly from the initial strain
profile., If an increasing external positive

moment is applied to the section the neutral
axis will move upwards out of the section.

2.2.2 Stage 2

During this stage the whole section is
under compressiony, and the neutral axis lies
below the section.

The total compressive force in the concrete
is given byy

1
c = J[ beDndy o o o (12)
o

where fc is the stress in the concrete fibre
at a disStance yD from the top.

During this stage the surface concrete
strain is less than £, and f_, may be represent-
ed by equation (1)

The steel strain at each tendon may be
found from the initial steel strain due to
prestress and the concrete strain at the level
of the steel. The steel stresses are calcul-
ated from equation (9) as the steel strains
are in the elastic range during this stage.

By summation of the individual tendon forces
the total tensile forcey T4y is calculated.

From equilibrium of forces on the sectiong

C=T_+P o o o (13)

where P is the external axial load (P = 0 in
the case of a beam). The substitution for C
and Tg into equation (13) leads to a quadratic
equation, from which the curvature correspond-
ing to any value of neutral axis depth may be
obtained. The corresponding moment can then
be calculated.

Values of curvature and moment were
determined for successively reducing values of
neutral axis depth below the section.

2.2,3 Stage 3

The neutral axis lies within the section
during this stage. The bottom fibres are
under tension and cracks form at strains beyond
the 1imiting tensile strain. The compressive
force in the concrete is given by:

o] .
c=,/ f bD.dy e o e (1h)
k C

where f is represented by equations (1), (2)
and (6).

Divergent opinions are held on the effective-
ness of the cover concrete at large strains,
and to study this effect three analytical
models for the stress-strain relationship of
the cover concrete were developed:

(a}) Model 1. The cover concrete follows the
same stress-strain relationship as the core
concrete.

{b} Model 2. The cover concrete follows the
same stress.strain relationship as the core
concrete up to a strain of 0,004, Any cover
concrete at a strain greater than 0.004 is



considered to have spalled and to have become
ineffective.

{c) Mcdel 3. The cover concrete can follow a
separate stress-strain relationship from the
core concrete at strains greater than 80.
Hence allowance can be made for the different
degrees of confinement between the cover and
core concrete.

The tensile force in the concrete, T.;

depends on the existence of cracks. For the
case where there are no cracks:

1
T, = /k £ _bD.dy e v . (15)

where fc is given by equation (8).

For the case where cracking has occurred:

T =/w £ bDd.dy e o o (16)
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where ¥ D is the distance from the top fibre
to the top of the cracks.

The total tensile force in the steel, T

3
is determined from the stresses in the S
prestressing steel at each level., Stresses
for particular strains are found from the
appropriate equation (9} to (11).
From force equilibrium,
C = TS + ’I‘C + P e s oo (17)

An iterative process was necessary for the
solution of equation (17) because of the
complex nature of the stress-strain relation-
ships for the concrete and steel, For success-
ive increments of surface concrete strain of
0.0001 the neutral axis depth was found and

the corresponding curvatures and moments
calculated.

3. Analytical Study of Beams

For beams 50 = 0,002 was assumed in
equations (l)b (2) and (3) as recommended by
Kent and Park™.

3.1 Comparison of Theory and Experimental
Results

3.1.1 Priestley's Tests

Few experimental results have been publish-
ed showing moment-curvature relations for pre-
stressed concrete, and hence a comprehensive
comparison of the theory with experimental
results cannot be made. However, one well
documented series of tests which could be used
was those of Priestley”. Seven beams with a
8® x L" cross section were tested simply
supported over a span of 14'9®, The beams
were loaded by two point loads to give a
constant moment zone over the central 6' of
the span. Stirrups were included in the
constant moment zone of only one of the beams
and hence only in this case can a direct com-
parison be made with the authors® theory for
confined compression zones., Also, readings
were not taken beyond the stage of crushing
of the compression fibres. A comparison of

\
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Priestley's and the authors? curves are shown
in Fig. 4. Priestley recorded experimentally
beth the average curvature over the length of
the constant moment zone and the average of
the maximum curvatures occurring at the tension
crack positions within the constant moment
zone. He also plotted moment-curvature
relationships determined from his theory for
both the curvature at a section which cracks
in tensiony; {i.e., the maximum curvature)} and
for the average curvature which takes into
account changes in stress conditions between
cracks. To standardize the curves, all values
of the moment M were divided by the theoretical
®"ultimate®™ moment My, and the curvatures
were divided by the theoretical ®ultimate®
curvature at a crack U, The theoretical curves
were calculated assuming an "ultimate" com-
pressive strain in the concrete of 0.004.

The theoretical approach used by the
authors determined moments and curvatures at a
section which cracks and hence corresponds to
Priestley's "maximum®™ experimental and theo-
retical curves, The Model 3 analytical curve
with Zeover = 2 X Zegore was chosen as providing
the best representation of the concrete stress
block. This assumption will be discussed more
fully later. Correlation with Priestley's
theoretical curve was good and related well to
the shape and "ultimate® conditions of the
experimental curve.

It will be noted that there is a differ-
ence in the behaviour at cracking between
theory and experiment. On the authors®
theoretical curve there is a drop in load after
cracking., Prior to flexural cracking, a

.tensile force is developed in the concrete at

the bottom of the beam. When the beam cracks,
the tension force in the prestressing steel
must increase and for a prestressed concrete
beam with a low steel percentage a considerable
steel strain may be required to reach equilib-
rium again. In the process a large crack
height will be developed. During this stage
there is a temporary reduction in moment
resistance apparent on the theoretical curve.

If all the cracks in the constant moment
zone of Priestley®s beam had formed simult-
aneously,; a drop of load would have been
expected at cracking, because the deflection
was held constant, As in fact the cracks did
not appear simultaneously the exact load at
which cracking was initiated was not discern-
ible and does not appear on the experimental

plot.

In this study the theoretical approach
based on maximum curvature will be compared
with experimental readings of average curva-
ture from gauge lengths up to 12®. The
justification for this may be seen in Fig. U.
The shape of the authors?! theoretical curve
and the experimental Paverage®™ curve are very
similar. The large difference between the
average and maximum curvatures at a concrete
strain of 0.004 in Priestley's test was
because crushing occurred only above one or
two cracks within the 6' length of the constant
moment zone. However the much smaller gauge
length used in the authors® tests will cause
a closer relationship between the average and
maximum values.
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3.1.2 The Authors' Tests

The investigation3 set out to examine
experimentally the behaviour of prestressed
concrete frames under seismic motions. Four
full-scale precast prestressed concrete beam-
column assemblies were tested under high
intensity cyclic loading. Brief details of the
test series are included in the Appendix.

Figure 5 illustrates the experimental beam
plastic hinge moment-curvature relationships for
Unit 2, and four theoretical moment-curvature
curves. The experimental curves are for two
particular cycles of load but the envelope o1
them should be similar to the curve from
monotonic loading. The theoretical curves show
a greater initial stiffness than the experi-
mental curve for the 12% gauge length adjacent
to the column face. This is because the
theoretical curves do not take into account the
smaller cross section at the 3" recessed mortar
jeint at the cclumn face. The reduced stiffness
plus the lack of tensile strength across the
mortar joint meant that the first crack occurred
in the joint at a lower moment than that pre-
dicted. Far a further comparison, the experi-
wmental moment-curvature relationship for the 8%
gauge length on the beam adjacent to the joint
{but excluding the mortar joint} is also
plotted in Fig. 5. The initial stiffness of
this experimental curve corresponds exactly to
the theoretical beam stiffness. However beyond
the theoretical cracking moment tne two curves
diverge because the formation of a crack withit
the 8" gauge length is retarded by the prox-
imity of a wide crack in the mortar joint.

A1l three analytical models for the
concrete stress block after maximum stress are
compared with experiment in Fig. 5. Model 1,
which allowed the cover concrete to follow the
same stress~strain relationship as the core
concrete, closely approximated the maximum
moment capacity, but made no allowance for
reduction of moment with increasing curvature.
Model 2, which considered all cover concrete at
a strain greater than 0.004 to have spalled,
underestimated the post-crushing moment resist-
ance of the section. Various values of Z for
the cover concrete were tried in Model 3 and
the curve which gave the best fit to the
experimental results had a Z value for the
cover of 80 (i.e. approximately twice the Z
value for the core})., Significant points on
this moment-curvature plot are marked in Fig.
5. Also plotted in Fig. 5 for comparison is
the curve for Model 3 with Z for the cover as
500, the value for unconfined concrete. The
discontinuity in the theoretical curves
represents the point of fracture of the tension
steel at an assumed ultimate strain of 0.004.

When comparing theory and experiment at
high curvatures it should be noted that the
experimental plot is for two particular cycles
of load and there may have been slightly
different characteristics if loading had been
monotonic; especially as at the peak of cycle
L, on Fig. 5, both steel and concrete were
behaving inelastically

3.2 fect of Transverse Reinforcement on the
ctility of the Beams of Units 1 and 2

The concrete stress block model which gave
the best fit to the experimental curves for
P

Unit 2 was Model rith Z =2 x Z .
was * 3w cover core

However, for the more lightly stirrupped Unit

1, the best fit was obtained from Model 1 with
Zeover = Zcore (= 150). This result appears
reasonable as intuitively one would expect that
with a larger stirrup spacing the cover and

core concrete would behave more monolithically.
This difference in appropriate stress block
model does restrict a general study of the
effect of transverse reinforcement on ductility.
However a valuable guide may be obtained from
comparing the practical cases of Units 1 and 2
because Unit 1 contained only sufficient
stirrups for shear, whereas Unit 2 contained
additional stirrups for ductility. Fig. 6
illustrates the appropriate theoretical moment-
curvature relationships for Units 1 and 2,
plotted for the same value of concrete :trenbt
Ciearly the confined concrete of Unit 2 enable:
it to retain higher moments at large curvatures.
However the curve for Unit 1 still shows
adequate moment resistancey, even at very high
curvatures.

It is concluded that prestressed concrete
beam sections with sufficient transverse rein-
forcement to satisfy the shear requirements of
codes may be extremely ductile.

3.3 Effect of Distribution of Prestressing
Steel in Member

A topic of interest for the design
engineer is the effect on the moment capacity
of the distribution of prestressing tendons
down the section. To make this comparison
moment-curvature characteristics were computed
for a section keeping the magnitude of the
total prestressing force and its line of
action constant but varying the numbers and
positions of tendons., An axial line of action
of the total prestressing force was chosen
because this configuration provides the best
resistance to seismic locad reversals. The
theoretical model developed for the Unit 2
beam was used for the concrete stress block.

The results are shown plotted in Fig. 7.
It is apparent that all curves are very
similar apart from that for the single tendon
position. In this case there is a lower
maximum moment capacity and a substantial
decline in moment resistance after maximum.
The reason for the curve for two positions of
the tendons being lower than those for three,
four, or five positions was that the two
tendons were not placed at the extremities of
the section and hence this was a slightly less
favourable configuration than the others. This
was done to provide a comparison with the
practical case of Unit 2. The sharp drop off
in moment at high curvatures occurs when the
tendons reach the fracture strain, &gy, in
tension. At high curvatures the tendons in
the compression zone may lose their tension and
act as compression reinforcement The same
elastic properties in compression as in tension
was assumed for these tendons since the com=
pressive stress induced in the tendons was
never very great.

It may be concluded that for seismic
resistance of concentrically prestressed
members it is advantageous to have more than
one tendon position within the section,; but
there is little difference in behaviour
between sections with two or more positions
of tendons for the same total prestressing
force.



3.4 Effect of Variation of Steel Area Ratio

In order to study the effect of varying the
steel area ratio on the moment-curvature
relationshipsy; a model of the dimensions shown
on Fig. 8 was chosen with eccentric prestress-
ing at a steel depth of 0.8D. A representative
Z value for the core of 80 was taken. Since
this was intermediate between the case of Unit
2 (with Zgore = 38 and Zegyer = 2 X Zgoore)s
and that of Unit 1 (with Zogpe = 155 and Zggyer

Zeore)s @ value for Zcover Of 1.5 X Zcore was
chosen. Curves for values of steel area ratio,
p = Ag/bD, from 0.002 to 0.012 are plotted on
Fig. 8. Note that p will be defined as the
steel content as a proportion of the total area
of the cross section.

The general pattern of the curves shows
an increase in moment capacity, but a decrease
in ductility with increasing p»

The limitation on steel percentage
specified in ACI 318-63° and included in the
proposed revision’/ of the ACI 318-63 is

A_f
s sp

m-—f—'-\{ 0,30 e s e (18)
c
For the section studied, using the value for the
steel stress at maximum moment, fg , calculated
from the theory, equation (18) rquires
p = As/bD < 0.00694. The moment-curvature plot
for this value of steel percentage is also
shown in Fig. 8. The intention of the ACI
equation is to prevent a brittle failure from
over-reinforcement. It is apparent that the
curve for p = 0.00694 exhibits reasonable
ductility but that for deismic design it may
be necessary to restrict p to a smaller value
than that given by the ACI equation.

It is of interest to compare the calculated
stress in the prestressing steel at maximum
moment on the moment-curvature plot of the
limiting steel ratio with the ACI code
expression given for steel stress at ultimate
load.

(i) From the theoretical moment-curvature
plot:

At maximum moment (E,., = 0.00301),
£, = 211,200 p.s.i.

(ii) From ACI 318-636 and the proposed
revision’:

A
_ s . “su
sp fsu (1-0.5 bd £ )

e o« (19)

This expression gives fgp = 204,000
PeSels

The agreement is good and is even better at
smaller steel contents.

When the stegl ratio exceeds the limiting
value, ACI 318-63° and the explanation of the
proposed revisions? specify that the ultimate
moment to be taken is not greater thans

.-
M, =@(0.25f:bd") o o . (20)
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This moment corresponds in Fig. 8 to:
100M/(fébD2) =@ x 16.0 = 14.40

Before application of the capacity reduction
factor of = 0,9, the maximum moment allowed is
very close to the maximum moment for limiting
steel ratio.

It is concluded that the 1imit of steel
percentage imposed by the ACI code®s 7 does in
fact result in reasonable ductility but to
ensure adequate ductility for seismic design it
may be desirable to reduce the 0.3 on the right
hand side of equation (18) to say 0.2. The
value for fg, recommended by the ACI code™? 4
results in a good approximation for the maximum
moment.

3.5 Comparison of Prestressed and Reinforced
Concrete

Because more is known about the seismic
behaviour of reinforced concrete structures,
attempts are often made to compare prestressed
concrete with reinforced concrete. It is
therefore of value to study the moment-curvature
characteristics of the two materials., Fig. 9
illustrates moment-curvature responses for
typical reinforced concrete sections as
determined in an analytical study by Kents, and
for comparison typical prestressed concrete
section responses. The same section geometry
was used for both studies as shown in Fig. 9.
The value of maximum concrete strength, f!,
for the reinforced concrete study was 400
pPsS:i.y and a representative value of f' =
6000 p.s.i. was chosen for the prestressed
concrete members., )

The analytical model which had been used
for the reinforced concrete study considered
all cover concrete at a strain greater than
0.004 to be ineffective. For consistency the
same model was used for prestressed concrete.
This model provides good correlation with
experiment at low values of Z, but is slightly

conservative at high values of Z. Curves for

values of Z of 10 and 100 were plotted for both
materials, thus presenting the extremes of the

likely range of degree of confinement in such
beams.

Rather than plot the curves to the
dimensionless moment term, M/(fébdz), the
expression M/bd? was chosen as this allowed a
direct comparison of prestressed and reinforced
concrete members with the same maximum moment
capacity (and hence same design moment for an
ultimate strength approach). For example, P6
and R10 have identical values of maximum moment
from the expressiong M/bd e A study of their
respective curves show that P6 has a greater
curvature at the crushing strain of 0.004
than does R10. The reasons for this may be
seen from a comparison of section behaviour at
crushings as over :
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P6 R10
Kk 0.201 0.319
Pa 0.01989 0.01253
fSAS
C=T=—7 9hs 10700
lever arm 0.910 0.859
-—34—2—- 860 859
bd

The curvature when the extreme concrete fibre
strain is 0.004 is dependent on the neutral
axis depth. This depth is in turn dependent on
the compressive force and the concrete strength,
f¢. Even though the values of compressive force
are comparable in the two cases, the greater
concrete strength for P6 allows a smaller
neutral axis depth and therefore a larger
curvature,

It is concluded that generally a prestress-
ed concrete beam should have a greater curva-
ture at crushing, than its reinforced concrete
counterpart with the same maximum moment
capacity.

It is of interest to compare the ductility
factors as commonly defined for prestressed
and reinforced concrete. The rotational
ductility factor for prestressed concrete is
usually defined as the ratio of rotation over
a small increment of length to rotation over
that length at first cracking, whereas for
reinforced concrete the rotational ductility
factor is taken as the ratio of rotation over
a2 small increment of length to rotation over
that length at first yield of the tension
steel. The rotational ductility factors at
the crushing strain of 0.004 have been tabu-
lated on Fig. 9 for all the curves plotted.
The rotational ductility factor terms for the
prestressed concrete members are up to 8 times
those of the reinforced concrete members for
the same values of curvature. This illustrates
why it is not possible to relate the ductility
factor requirements as commonly defined for
prestressed concrete members to those already
known for reinforced concrete members.

. Rosenbleuth9 has developed an equation to
relate forces and deflections in two single
degree systems,; one with an elasto plastic
hysteresis loop and the other with an elastic
bilinear hysteresis loop. The design
acceleration spectrum is idealized as hyper-
belic in the range of interesty, and the two
systems are assumed to have the same mass and
the same initial stiffness; and a coefficient
of damping not smaller than 2% for small
oscillations. The details of the assumed
hysteresis loops are illustrated in Fig. 10.
The expression derived is:

327 0.6
F_zz_*_‘}_ L+ 24, .. . (21)
FyoooHp 3 Hg

where the ductility factors are:

Py Dlx/Fz .. . f222)

Hp = DK/F, . . . {22Db)

For a prestressed concrete member such as
P6 in Fig. 9 the bilinear representation of its
moment-curvature response would be more
realistic if the value of moment corresponding
to Fp was taken as the maximum moment rather
than the moment at cracking. Hence if we
compare P6 and R10 for which F; = F, and
substitute the ductility factor of R10 at
crushing (pl = 4,75) into equation (21}, the
required ductility factor for the prestressed
member with the same initial slope as Ri0 and
same yield curvature, would be 6.72. This
corresponds to a curvature ng on Fig. 9 of
0.0175, which is less than the curvature at
crushing for P6. That is, the extra ductility
demand for the prestressed concrete model is
more than compensated for by the extra ductility
availables

Alternatively one wmay consider members
with the same ductility demands such as PL and
R10; which have comparable curvatures at crush-
inge. Assuming the initial stiffness for the
prestressed member is the same as that for the
reinforced concrete member, the ductility
factor at crushing for each member will be
approximately H; = Hy = 4.,75. From substitution

in equation (21}, §3 = 1.288., The valus of F1
1

corresponding to the yield moment for R10 is

M
= 825,
bd2

is '—ME = 1062.
bd M
actual maximum moment of resistance of = =

1298 for PL. bd

Therefore the required value of F2

This value is less than the

On the basis of Rosenblesuth®s expression
it may be concluded that a prestressed concrete
member designed to the same maximum moment
capacity as a comparable reinforced concrete
member undergoes greater ductility demands than
the reinforced concrete member, buf these are
more than allowed for by the greater ductility
available before crushing.

4. Analytical Study of Columns

4.1 Comparison of Theory and Experimental
Results

The experimental moment-curvature relation-
ships obtained from the columns of Units 3 and
4 during the cyclic loading tests are illustrat-
ed in Figs. 11 and 12. The experimental curves
were plotted in each case for the plastic hinge
length directly above the beam since the largest
valuses of curvature were measured over this
gaugs length. Experimental moments were taken
at the section 3% above the top of the beam as
this represented the critical section for
crushing.

Figs, 11 and 12 alsc show the thecretical
curves. The experimental axial loads were
increased with increasing bending moment, and
the same increasing axial load relationship
was used in the theory. In the theory it was
found that at far advanced curvatures the



strands in the compression zone attained quite
large compressive strains. Little is known
about the behaviour of prestressing wires or
strands in compression within a flexural member.
For reinforced concrete it is generally assumed
that the shape of the stress~strain curve for
tension will also apply in compression.

Buckling is considered to by delayed by:

(a) the presence of some concrete around the
bars.

(b) the necessity for a compression bar in a
plastic hinge zone to undergo a reverse
curvature to buckle during flexure.

Prestressing wires or strands are more likely
to buckle than reinforcing bars because of
their higher stress levels and lower moments of
inertia due to smaller diameters. The stress-
strain relation assumed for steel in compression
in the theory is illustrated in Fig. 13. The
prestressing strand in compression is assumed
to follow the initial slope of the stress-
strain curve up to a strain of -0.005 and then
to retain the compressive stress achieved at
that strain with further increase in strain,
This effect becomes significant only at very
large curvatures. This assumption appeared to
give the best correlation with the experimental
results of Units 3 and 4. The value for
ultimate steel strain in tension assumed in

the theory was 0,031 from correlation with

test results,

A value of Eo = 0,0025 for the concrete
was used in the theory for Units 3 and 4. This
value was found from the concrete control tests
on standard cylinders, and arises because of
the high strength of the concrete (fé=2 8000
PoSeio)e

The column of Unit 3 contained ties which
satisfied normal prestressed concrete code
requirements for shear and gave a Z value for
the core of 67. Three theoretical models for
the compressed concrete are compared in the
curves of Fig. 11. The closest correlation of
theory with experiment for the column of Unit
3 came from Model 1. This is reasonable as for
this column at the plastic hinges there was a
gradual propagation of longitudinal cracking
in the compression zone rather than sudden
spalling of the cover concrete. The discrep-
ancies between the experimental and theoretical
curves at large curvatures may be due to the
fact that the experimental values were deter-
mined from cyclic rather than monotonic load-
ing. The bottom strand first goes beyond the
elastic limit at the peak of cycle 5 and its
subsequent behaviour will vary from monotonic
characteristics.

The column of Unit 4 contained heavy
rectangular spirals which gave a Z value for
the theory of 5. The cover concrete of this
column spalled suddenly during the tests. As
would be expected, the best correlation with
experiment for this column was obtained by
assuming that the cover concrete spalled at a
strain greater than 0.004. This model gave
close agreement between theory and experiment
as can be seen in Fig. 12.

4.2 Variation of Ductility with Axial Load

The effect of axial load on ductility is
important when considering the behaviour of
prestressed concrete columns. To provide a
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gagmparison, a study was made of the sections °
with transverse confinement satisfying normal
prestressed concrete codes as represented by the
best Unit 3 model, and sections with special
transverse reinforcement for confinement
complying with the best Unit 4 model. Inter-
action and ductility curves are shown plotted
for both cases in Figs. 14 and 15. It may be
readily seen that the degree of confinement has
little effect on the interaction curves and not
a large effect on curvature at maximum moment,
To give an indication of the ductility avail=-
able after maximum moment, curvatures at half
maximum moment on the falling branch of the
moment-curvature response are also plotted in
Figs. 14 and 15. It may be seen that increasing
the axial load from zero initially causes the
curvature at half maximum moment to increase.
This is because fracture of the tension steel
wires is the cause of the rapid drop of moment
at low axial loads and the curvature at steel
fracture increases as the neutral axis depth
increases with load. Eventually a discontinuity
is reached and at higher loads the fracture
strain of the steel is not reached at half
maximum moment. In this region the half
maximum moment point is reached with success-
ively rapid reduction in curvature with
increasing axial load. The shape of the moment-
curvature relations with varying axial loads are
shown in Fig. 16. It is interesting to note
that the point of maximum curvature on Fig. 14
occurs at an axial load very close to the limit
specified in the SEAOC!O code

— P o.12f! c.. (23)
g

above which the total ultimate moment capacity
of the columns,; at the design earthquake axial
load, must be greater than the total ultimate
moment capacity of the beams at a particular
joint.

It may be concluded from the ductility
curves for half maximum moment shown in Figs.
14 and 15 that concrete confinement results
in

(a) an increase in the maximum ductility
available from the section

(b) an increase in the range of axial load
over which significant post-crushing
ductility is available.

5.  General Comments

Specific conclusions have already been
given at the end of each section and some
general comments will now be made on prestress-
ed concrete seismic design in light of the
results presented.

One of the major concerns expressed about
the ability of prestressed concrete as a
seismic resistant material has been whether or
not it can undergo large post-elastic deform-
ations, The results presented here have shown
that prestressed concrete beams and columns
can exhibit large ductility, provided limits
of steel ratio and axial load are not exceeded.

The other major concern has been the
elastic recovery of prestressed concrete
members and hence their small energy dissi-
pation. An indication of the energy dissi-
pation capacity of prestressed concrete members
may be obtained from Figs. 17 and 18, which
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show the hysteresis loops for the Unit 2 beam
and the Unit 4 column, The initial cycles in
both cases showed low energy dissipation.
Once crushing of the concrete fibres occurs
there is a significant reserve of energy
dissipation available, but at the expense of
incurring structural damage. Because of the
difficulty of repairing members back to a fully
prestressed condition it is desirable that
curvatures should not reach values where the
concrete will crush under a severe earthguake.

It is generally accepted that the response
of a prestressed concrete structure to a given
earthquake will be greater than that of a
comparable reinforced concrete structure,
because of the lower energy dissipation and
viscous damping properties for prestressed
concrete. Hence it may be argued that the load
factors for seismic design should be higher
for prestressed concrete than for reinforced
concrete rat%er»than equal as is the case in
the ACI code®s 7,

It must be noted, however, that because
of higher concrete strengths a prestressed
concrete member may sustain greater curvatures
before crushing than a comparable reinforced
concrete member. This factor may well counter=-
act the effect of the smaller energy dissipation
capacity under cyclic Ioading. Only dynamic
analyses to be carried out in the future will
give the final answer but it may be that the
use of a higher load factor for prestressed
concrete as is recommended by the NZPCII! can
only be justified on the grounds that the
difficulty of repair, and hence the desira-
bility of avoiding structural damage, is great-
er for a prestressed concrete structure than
for a reinforced concrete structure.
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Appendix: . Details of Experiments on Cyclic Loading of

Prestressed Concrete Beam-Column Assemblies

A series of four tests were conducted on
full size precast, prestressed concrete beam-
column assemblies under reversed cyclic loading
of high intensity. The test specimen was part
cf a multﬁstorey prestressed concrete frame as
illustrated in Fig. 19. The axial column load
P represents the lcading from gravity and over-
turning moment; the reversible locad X applied
at the end of the beam and the reactive lateral
loads H induced at the ends of the column
represent the shears applied in an earthquake,
Static cyclic loading with rotations at the
critical sections of up to 15 times the crack-
ing rotation were applied to the test specimens,
Figs. 20 and 21 show the design details of the
members, Units 1 and 2 were designed to form
plastic hinges in the beam at the joint and
Units 3 and 4 were designed to form plastic
hinges in the column immediately above and
below the joint. The columns were pretensioned;
the beams were lightly pretensioned for handling
purposes and post-tensioned by cables passing
through the column into an exterior anchorage
block. One inch thick moist pack mortar joints
were formed between the members before post-
tensioning. The cables were grouted. The
steel stirrups and ties in Units 1 and 3 were
designed to satisfy the commonly used codes for
prestressed concrete, for example ACI 318-630.
To examine the effect of concrete confinement,
Units 2 and 4 contained in the column regions
adjacent to the joint approximately one half
of the rectangular spiral steel required by
the code of the Structural Engineers Association
of Californial® rfor special transverse rein-
forcement for ductility of reinforced concrete
members. The beams of Units 2 and 4 also con-
tained extra stirrups as required by the

SEAQOC code for reinforced concrete.,

Ag gross area of cross section

As total steel area

A A A sss area of steel at tendon

si, "2, "s3 positions 1; 25 35 sssee

b width of cross section

b® width of confined core measured to
outside of hoops

C total compressive force in concrete



sa

f
sb
se

f
sp

su

=

cr

I

U=

Z
core

cover

overall depth

maximum deflection of systems 1
and 2

distance to centroid of prestress-
ing steel from extreme compression
fibre

modulus of elasticity of steel

maximum forces for systems 1 and

2

stress in concrete

strength of 6% diameter by 12w
cylinder

stress in steel

see Fig. 2

see Fig., 2

stress in steel due to prestress

stress in prestressing steel at
maxigum moment as defined by ACI
code®s 7

ultimate steel stress
yield stress of reinforcing
steel

initial stiffness of systems 1
and 2

distance from neutral axis to
extreme compression fibre/D

moment

moment at cracking
maximum moment capacity

number of tendon positions

axial load

AS/bD

ratio of volume of steel hoops to
volume of confined concrete
spacing of confining steel
tension force in concrete
tension force in steel

distance to a fibre from extreme
compression fibre/D

defined by equation (3)

Z value for core concrete
Z value for cover concrete

«se distance from tendon
position 1y, 2y 3y cesso to
extreme compression fibre/D

from extreme compression
top of crack/D

distance
fibre to

concrete strain

strain at extreme com-
fibre

concrete
pression

concrete strain at rupture in

tension

steel strain
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see Fig., 2,

see Fig, 2.

ultimate steel strain

strain at a fibre
concrete strain at maximum stress

strain at 0.2 of maximum stress on
falling branch of stress-strain for
concrete

defined by equation (5)

strain at 0.5 of maximum stress on
falling branch of stress-strain for
concrete and defined by eqguation

(&)

curvature or capacity reduction
factor

curvature at first cracking

curvature at first yielding of
reinforcement

curvature at extreme fibre concrete
strain of 0.004

ductility factors defined by
equations (22a) and (22b).
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Fig. 1. Assumed Stress-Strain Relation for Concrete.

Fig. 2. Assumed Stress-Strain Relation for Prestressing Steel.
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