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SYNOPSIS

This thesis presents the test results from experimental work
carried out on reinforced concrete beam-column members, The tests were
designed to study the strength and deformational behaviour of these
members under the combined effects of axial load and moment.

Fifty-five members were tested and these were subdivided into

eleven series (51-S11) of five specimens. The specimens in each series

‘were identical in all respects.

Each member was 6' - 0" long and had cross-sectional dimensions
of 6" x 8". The test span in each case was 5' - 6".

The percentage of longitudinal steel reinforcement was the
only variable between the different seriés and it was variled between 1.04
and 6.58 percent. This range was chosen to lie within that allowed for
column members by the Building Code Requirements for Reinforced Concrete
(ACI 318-63).

Each member of a series was tested to failure under the action .

of axial load and bending moment. The members in each series were tested

. under different levels of axial load up to a maximum of 100 kips.

Continuous measurements of loads, strains and deflections were
made throughout the tests. Concrete strains were megsured over a gauge
length of 10" at the central portion of the specimens using ten linear
variable differential transformers. The transformers were mounted using
1" x 1" x 3" aluminum mountings which were cemented to the surface of
the specimens. Deflections were measured at seven locations in the test
span using deflection dial gauges. The results obtained were used to

deriQe the axial load-moment, moment-curvature and load-deflection be-



e
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waviour of the specimens.
Presented also are "plastic desipgn" theory expressions for

Al

reinforced concrete sections. These expressions were derived from the
equilibrium and compatibility equations for the sccetion and they cnable
rapid calculation of the axial load-moment interaction diagram and the
uleimate curvature capacity of beam-column scetions.

Satisfactory agrecment was obtained between the theoretical
7 w

and experimental results.
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1.1

1.2

CHAPTER I
INTRODUCTION
OBJECT
The object of this study was the determination of the
interaction characteristics of reinforced concrete members subjected
to axiél load and bending. This was achieved by the determination
of the axial load/moment and moment/curvature characteristics from
short duration tests carried out on fifty-five reinforced concrete
members. Theoretical design expressions have been developed which
enable the rapid calculation of the ultimate curvature of beam—
column members.

LIMIT DESIGN AND PLASTIC DESIGN

The limit design of structural concrete and the plastic

design of structural steel are based on a recognition of the inelastic

+ behaviour of structures at high loads and the resulting redistcribution

of internal moments and forces at various points within a structure.
The two design methods differ in an important respect.
The plastic design theory for steel considers the structure
at incipient collapse, i.e., the structure has become a mechanism by
the formation of a sufficient number of plastic hinges. These hinges
are assumed to be formed at discrete pointé in the members of the
structure and they rotafe at a moment of resistance equal to the ultimate

moment capacity of the critical sections. Little attention has been paid

, to the magnitude of the post yield rotations as redistribution of moments

proceed. It is known that the hinges can develop sufficient rotation to
enable complete redistribution of moments without rupture.

Limit design of structural concrete, however, recognises that
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concrete crushes at comparatively low strains and that the ductile capacity
of a hinge could be exhausted hefore full redistribution of internal
moments and forces is achieved. It is therefore of prime importance to
consider the deformational capacity of hinging regions in any theory of
limit design for structuctural concrete and that the capacity should be
of a magnitude as to enable full plastic adaptability under load to become
effective. .
Due to the response of reinforced concrete to load; limit
design requires a reasonable factor of safety against yielding of the
critical sections at working loads. Thus, the magnitudes of the crack
‘openings and deflections are kept within permissible limits.
Limit design of reinforced concrete involves a consideration
of the following:
(a) Limit Equilibrium
(b) Rotational Compatibility
(c) Structure Serviceability
Methods of limit design have been proposed by Baker (l)*, Sawyer (2),
Cohn (3), Berwanger (4). These methods have emphasized the above three
considerations to varying degrees.
A study of the rotational capacity of reinforced concrete
sections is essential to the determination of the rotational compatibility
condition at hinging regions throughout a structure.

COMPATIBILITY CONDITION

A general statement of the compatibility condition at plastic
hinges can be expressed mathematically. Consider a statically indeter-

minate structure subjected to a loading system which can be defined by. a

*The numbers in parenthesis refer to the list of references at Appendix A.
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loading parameter F*,
Let: F{ = Load corresponding to the formation
of the ith plastic hinge.
F, = Structure collapse load corresponding
to the uth plastic hinge.
01 = Inelastic rotation at ith hinge for
F > Fy
F0eg = Rotation capacity of iﬁh hinge.
Thus for 1 £ 1 < u, 1if 6y < Bcg, full redistribution of moments will
occur at ultimate load F,. If for at least one value of 1, the effective
rotation‘at plastic hinge i exceeds the rotation capacity of the section,
i.e., 61 > Bes, a local fracture occurs at 1.
Thus, the inelastic rotation at any plastic hinge should be less
than the available capacity for load levels up to the ultimate load.

ROTATION CAPACITY

The rotation capacity of a critical section in a reinforced
concrete member may be expressed as the total rotation along a length
Lp, of the member over which the moment varies from the yield moment My,-
to the ultimate moment, My. Cohn (3) has derived an expression for rota-
tion capacity, Gp,'as follows: (See Fig. 1) **.

6, - j:p (by = dy)dz = Ay = L, dp R D)

where ¢, = Curvature at distance z from support;

* A list of the symbol used is given in Section 1.9,

** All figures are given in Appendix B.



¢y = Curvature at first yield of tension
reinforcement.

Eqation (1.4.1) may be written as follows:

fp = Lé ¢p ceceenesreses(l.b.2)
where Lé = B Lp D ¢ )
Thus, the rotation capacity Op, can be evaluated by the area of plastic
curvature A4. The curvature distribution factor B, is less than unity
and depends among other factors, on the loading, the variation of
flexural rigidity along the member and the longitudinal and transverse
reinforcement (3).

Chan (5) has proposed that the available rotation 6, may be

given by the expression: p

] =fL, M (1 - 1) B & RS
p P u
(EI)y (ED)e
where (EI), = flexural rigidity at ultimate moment
(EI)e = elastic flexural rigidity

The curvature distribution factor B, assumes the values of 0.305 for
unbound sections and 0.2 for bound sections.
Mattock (6) has expressed the ratio of the total inelastic 8,

over a distance s, to the inelastic rotation 0, in length d as follows:
' 2

Btu i 3
= 1+ (1.14(s/d)" - 1) (1 - (q-q") (d/16.2)"/qy)......(1.4.5)
) ,

u

and'eu is givén by

Bu = (¢u - ¢y Mu) d
where A, - area of tension reinforcement required to produce

bélance failure of beam section.
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Other

area of tension reinforcement

area of compression reinforcement

breadth of section

distance from centroid of tension reinforcement
to combression edge of beam

ultimate compression strength of concrete as
determined from 6" x 12" cylinders

yield stress of tension steel

yleld stress of compression steel

As  Ey
ba Te
As £y
bd f_'c
bda fc

distance from section of maximum moment to adj-
acent section of zero moment

ultimate curvature

researchers have proposed expressions for the rotation

capacity of hinging regions. The structure of these expressions,

however, is similar to those given above in that they contain an

expression for the ultimate plastic curvature associated with some

empirically determined length which defines the zone of flexural

yielding in the vicinity of the hinge.

The determination of the curvature relationship is therefore
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v 1.6

6.

of fundamental importance tn the determination of the rotational capacity
of hinging regions in reinforced concrete members.

MOMENT~CURVATURE RELATIONSHIP

Curvature is a measure of rotation per unit length and is given
by the following expression::

Curvature, ¢ = concrete compressive strain at compression face of beam
neutral axis depth

The moment-curvature relationship for a reinforced concrete
section has three important stages as shown in Fig. 2. Stage 1 corres-
ponds to narrow cracking of the mémber and this is accompanied by an
abrupt change in its flexural rigidity. The second stage is evidenced by
wide cracking and large deflection and the third stage is evidenced by
crushing and spalling of the concrete at the critical sections,

Although considerable research‘has been carried out on the
moment-curvature behaviour of critical sections undergoing pure flexure,
there have been few experimental programs directed towards a quantitative

description of sections which are subjected to combined stresses.

The strength and ductility of critical sections under the combined

effects of flexural and direct compressive stresses is the subject of this
study.
ASSUMPTIONS
(a) At the start of yield of the tension reinforcement, the
concrete compressive stress varies linearly from zero at
the neutral axis to a maximum at the compression face of the
beam,
(b) The tensile strength of concrete may be neglected.
(c¢) The stress-strain relationship for concrete is that
proposed by Hognestad (7) and shown in Fig. 3.
(d) The concrete displaced by the steel reinforcement may be

_neglected.
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(e) The stress-strain curve for the tension and compression re-

inforcing 1s assumed as a trapezoid similar to that
shown in Fig. 4. The effects of strain hardening being
neglected.

(£) There is no slip between the reinforcing steel and the
concrete,

(g) There is a linear strain distribution across the section
for all combinations of axial load and bending moments,

SCOPE

The principal aims of this work is a study of the interaction
characteristics and the development of desipgn expressions for the ultimate
strength and curvature of reinforced concrete sections subjected to combined
bending and axial load. A comparison of.the theoretical with the experimental
results obtained from tests is carried out for fifty-five reinforced hean-
columns.

ACKNOWLEDGEMENTS

The author is grateful to Professor Carl Berwanger of the Civil
Engineering Department of the University of Ottawa for having suggested
this topic and for his continued guidance and assistance throughout this
work, .

The work was made possible through the research grants held by
Professor Carl Berwanger.as grantee-of the National Research Council of
Canada. The author 15 also .indebted to the Civil Engineering Department,
University of Ottawa for partially covering the cost of the specimens and

the equipment used in these tests.




; The author wishes also to thank the Canadian International
Development Agency of the Government of Canada and the Ministry of
Communications and Works of the Government of Jamaica whose joint efforts
made it possible for the author to pursue his study in Canada.
Appreciation is expressed to my fellow graduate, Syed

Imtiaz Rasul for his valuable contributions to this work.

To the undergraduate research assistants employed through the

grant frombthe National Research Council, Dennis MacKinnon, John Poirier

and Paul Moreau, I wish to express my appreciation and thanks.

NOTATION

AR R T DO
—
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The symbols used are listed below for convenience:

Ag area of tension reinforcement

Ad area of compression reinforcement

Ay area of plastic curvatures

a depth of stress block

b breadth of beam

C compressive force in concrete

C, compressive force in the compression reinforcement

d distance from centroid of tenslon reinforcement to compression

edge of beam

D overall depth of section

e concrete stréin

e' eccentric££y of ultimate

ecy concrete strain at first yield of tension reinforcement

e, compressive strain in concrete corresponding to maximum stress
e steel strain

ateel strain at commencement of straln-hardening




ki,k2,ks
kd |
kn,k,k
My

MO

Moy

M
u

My .

=}

p .

ultimate concrete strain
yield strain of steel reinforcement
static modulus of elasticity of concrete
resonance modulus of elasticity of concrete
elastic flexural rigidity
modulus of elasticity of steel reinforcement in the elastic region
modulus of strain-hardening
flexural rigidity at ultimate moment
concrete compressive stress
compressive strength of concrete as determined from cylinder tests
steel stress
ultimate steel stress
assumed yield stress in tensioq reinforcement
assumed yield stress in compression reinforcement
load on statically indeterminate structure
load on structure corresponding to formation of ith plastic hinge
collapse load of structure corresponding to formation of uth
plastic hinge

stress block parameters
depth for transformed area for doubly reinforced sections

section p;}ametets
moment at balanced failure
ultimate momenf at zero axial load
yield moment at zero axial load
ultimate moment
yield moment

modular ratio

resonance frequency
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P axial load

Pb axial load at balanced failure

Py axial load capacity

Py axial load at failure

P Ag/bd

p' Ag/bd

P¢ - (Ag + Ag) /bD

q pfy/fé

q' p'f}/fé

qy tension reinforcement factor for balanced ultimate strength

conditions for beams
' — '
9y q-q
8 distance from section of maximum moment to adjacent section of

Zero moment

T force in tension reinforcement

1% welght of prism

¢p plastic curvature

Pu ultimate curvature

¢y curvature at yield

U ¢u/¢y = rotation factor

Bp rotation capacity

B¢u inelastic réEation occuring between the section of maximum

moment and an adjacent section of zero moment
0 inelastic rotation at ultimate moment, occuring within a length

d/2 to one side of the section of maximum moment



2.1

CHAPTER 2

ULTIMATE STRENGTH AND CURVATURE OF
REINFORCED CONCRETE BEAM-COLUMNS

MEMBERS IN PURE FLEXURE

The member in pure flexure is treated as one subjected to
bending and zero axial load.

Theoretical expressions for My, My, ¢y and ¢u for double re-
inforced concrete sections have been presented by Cohn (3), but are re-
peated here for convenience.

When the tension reinforcement just reaches the yield point,

the following relations based on a semielastic design can be written

(Fig. 5a):
2 1,2 T L2 1
kg = (@ (p+p) + 2n(p+kgp )2 - n(ptp ) .... (2.1.1)
ey fX. ky ' el (2.1.2)
Eg 1~k
¢y = ey
kyd eens (2.1.3)
k
M, = A f d@ -Kyy 4’ g aky cees (2.1.6)
Y s 3 =

Referring to Fig. 5b, the general expression for the neutral

axis at the ultimate moment is:

k, = 1 iy -pfs veer (2.1.5)

u ———

13 ! !
f o £

If q <kikykp then ky < k,, the section behaves as if reinforced in

tension only; hence,

ky = _1 _py



£ 1% My < g, 1 ey ceer (2.1.6)
2 (L -p") @A =-p) eytey
P P

1f ku> kn and fs = fy = f's, both tension and compression reinforce-

ment are at the yield state; hence,

- £ - ''f
ku = 1 (p_*y P y) eree (2.1.7)
k k £ ¢ £
1 3 c
or k.= 1 (@ - q") vee. (2.1.8)
u
k
13
If q > 1 . Cu ¢ This is the balanced condition
klk3 (L-p) eu4-ey

P
and the concrete crushes simultaneously with yield of compression and

tension steel; hence,

ku = ey
e+ ey . eeee (2.1.9)

The ultimate curvature is given by:

by = __Su
k, d : vee. (2.1.10)

The ultimate moment is expressed by:

2
\ . . ' :
My = kkoET kg b (- ko k) + A" £ d(l-ky) L. (2.1.11)

The condition in which the concrete crushes before yleld of the tension
reinforcement, i.e., an over-reinforced section, is not considered here.
It has been reported by Bake} and Amarakone (8), however, that if the
bending resistance of brittle sections is kept within safe limits, the
ductility which results from long term strain effects will be safe and
favourable to the distribution of bending moments in the structure.

Such sections are, however, not permitted by most building codes.
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The values of k, and hencé the ultimate curvature and ductility factor
of hinges subjected to pure flexure are seen therefore to depend
essentially on a limitation of the steel percentages. Recent research
by Mattock (6), Baker and Amarakone (8), Corley (9) and Roy and Sozen
(10) has shown that if the concrete and other section properties re-
main constant, the curvature of the hinge will be increased in the
presence of a shear force and also by the effects of helical or
rectangular transverse reinforcement,

Although many researchers in their proposals for limit de-
sign have suggested that the strength of flexural hinges should be
limited to the value of the yield moment, My, the current ACI building
code (Building Code Requirements for Reinforced Concrete (ACI 318-63)),

permits hinges to develop a design ultimate moment of 0.9 M, where:

2 1 2
My = bd fleqy (1-0.59q ) +q £ bd" (1-ky ....(2.1.12)
and , ,
¢ = ¢G-p) f oo (2.1.13)
(n
£
Cc

Sawyer (2).has recommended that the design bending resist-
ance of purely flexural hinges, Mg, should be given by the relation
Mg = 0.85 M, where Mg 1s the moment value at the intersection of the
two lines of a bilinear approximation to the moment-curvature relation~-
ship and M, is the expe;imental value of ultimate moment.

Berwanger (4) has suggested that the value of the yield
moment given by the expression,

My = fo ka1 - ea'y £ A - k) cee (2.1.14)
) 3

is sufficiently conservative to be applied to all types of hinges

and that the rotation factor, 9u_, can be given by the relation;
by
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b= o, = 1 ceee (2.1.15)

HINGES UNDER COMBINED FLEXURAL AND DIRECT COMPRESSIVE STRESSES

While the.ultimate strength of beam-columns and beam-
column sections have been studied both experimentally and analytically,
Hognestad, (7, 13), Broms and Viest, (11, 12), Pfrang, Seiss and
Sozen, (14), it would appear that comparatively little work has been
done to produce analytical or experimenﬁal verification of the
rotation capacity of these members, Notable analytical work in
this direction has been reported by Pfrang, Seiss and Sozen (14),
Breen (15), Pfrang and Seiss (16).

The ultihate strength capacity and behavioural mode of beam-~
columns whose cross section failure is initiated by either yielding
of the tension reinforcement or cruéLing of concrete can be pre-
dicted from their axial~load-moment interaction diagram Fig. 6. Tor
axial loads greater than Py, failure will be initiated by crushing
of the concrete. This 1s called a compression failure. For axial loadé
less than Py, yielding of the tension reinforcement precedes the
crushing of the concrete and this is called a tension failure. Hinge
failures in the compression mode can be subdivided into two groups.
The first group is one for which the section has both tensile and
compressive stresses at failure. The second is that group for which
the section has compressive stresses only, and these typify hinges
in the lower storeys of multi-storey frames where axial loads are high

and moments are comparatively low,
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From the above discussion it is seen that while for purely
flexural hinges the failure mode and hence the rotational ductility
can be controlled essentially by a limitation of the amount of re-
inforcement: ductility of hinges under the combined effects of bending
moment and axial load can be controlled primarily by limiting the load
on the hinge to a value less than the balanced load of the section.

Based on the above, it would seem that a number of inter-
esting design techniques could be evolved, some of which have already
received attention by a number of researchers. Some of these concepts
are described briefly as follows:

(a) A design concept which limits the formation of plastic
hinges to flexural members only. This could be achieved by a limitation
of stiffness factors of beams and columns meeting a joint.

(b) A design concept which limits the amount of redistri-
bution of moments b§ the definition of a redistribution factor which
corresponds to the rotational capacity of the hinging regions. Such a
method has been proposed by Cohn (5, 17) and has been limited to the
solution of continuous beams and slabs.

(c) A design concept based upon the assumption that hinging
regions can provide the rotation capacity required for the formation of
a collapse mechanism and the subsequent design to -ensure that rotational
compatibility is satisfied at all hinges. Such a method has been
proposed by Berwanger (4).

INTERACTION DIAGRAM

Although there has been considerable analytical and exper-
imental study of the ultimate strength of beam-columns and beam-column

sections, there has been comparatively little work done to produce
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analytical or experimental verification of the rotation capacity of
these members.

A qualitative description of the strength capacity of rein-
forced concrete hinge is given by an interaction diagram as shown in
Fig. 6.

Points within the interaction envelope define combinations
of axial load and moment which are possible without failure of the cross
section. It is apparent, therefore, that points within the envelope
represent a series of possible strain or curvature configurations under
axial load and moment. The boundary of the envelope is the axial-load-
moment relatlion at failure. The curve and its bounded region gives a
qualitative description of the curvature. Thus for loads less than
Py, the segment BA, Fig. 6 represents increasing curvature and ductility
and segment BD representing increasing brittleness and réduced curvatures.

In addition to the failure diagram envelope, it is also pos-
sible to establish an interaction diagram corresponding to yield in the
tension reinforcement. This envelope is shown in dotted lines in Fig. 6.
The author believes that the derivation of such a curve is important in
the determination of a safe design moment in any limit design method.

Sawyer (2) has suggested tentatively that a design moment, M., should be

e
given by the relation M, = 0.85 M,. Berwanger (4) has suggested that the
design moment should be‘made equal to Moy (Fig. 6).

It is important to note that the choice of values of design
moment and curvature depends on a reasonable assumption of the dif-
ferent load combinations which are possible within the interaction
diagram permissible space. This is due to the fact that design moments

and curvatures based upon a given ultimate load may be excceded under

partial loading conditions. Although this factor is not of essential
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concern to this thesis, it was thought that a constant axial load and

a variable moment application might be in reasonable agreement with

the effect of dead and live load acting in normal structures.
Reinforced concrete is not a linear elastic material and it

is not possible to write continuous mathematical expressions relating

axial load, moment and curvature over the full range of their variation.

Most analytical approaches to the establishment of the interaction

diagram and moment-curvature relationship for a section have adopted

the following procedure:

(a) Assume a strain configuration over the depth of the section.

(b) Assume a stress-strain relation for concrete and steel
reinforcement and therefore determine the stress dis~
tribution across the section.

(¢) Determine the resultant axial load and moment.

(d) From the assumed strain configuration determine the
curvature.

This approach is amenable to computer solution and the results

of such studies have been published elsewhere, Roy and Sozen (10),
Pfrang, Seiss and Sozen (14), Pfrang and Seiss (16). While such results

are pertinent to a descriptive behaviour of reinforced concrete sections,

the models chosen have not represented fully the effects of member
cracking, triaxial stress and time-dependent deformations on the ul-
timate strength and curvature of reinforced concrete members. |

MATHEMATICAL EXPRESSIONS FOR BEAM-COLUMNS

Theoretical expressions for the ultimate strength of beam-
column sections have been derived by Hognestad (7, 13). Similar ex-
pressions are derived here and these expressions are based on the

assumptions presented in section 1.6. It is assumed that there 1s




negligible error in neglecting the concrete displaced by the com-
pression reinforcement.

(a) Tensile and Compression Hinges

Referring to Fig. 7 in Appendix B

C;p = kjk, £ ab ceve (2.6.1)
Cp = A"y £, ceer (206.2)
T = A fg ceer (2.4.3)

a = u
d eg*te, evee (2.4.4)
Curvature;
by = Bst ey cees (2.4.5)
d

Equilibrium of Forces:

t

kaky £' ab + A'S £ - A £

Py ceee (2.4.6)

s 's
Pu _ 1 t
EE_ = klk3 f-c(g)1- p L g - pfg cees (2.4.7)

Equilibrium of Moments about Plastic Centroid:

' '
My T kk £'c ab(d - kp d -k a)+ Ag £ (d - kyd - kpd)
+Ag £g kyd. cev. (2.4.8)
My
] [ ]
bd = klka f c(g) (d - kpd - kza)+ p f g(d - kpd = kyd)
' +p fg kpd, cere (2.4.9)
L - kk f'
et S cl , f'e
e' = EE. x bd
bd B,
Therefore:
‘e'(s(%_wp'f's - pfg) = S(? d(1 - k) -S(a/d) 2k

+p'f's d(l - kp - k) o+ pfg kpd oo (2.4.10)

18.
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S kpd (a)? + S(e' -d (1 - Kp)) () - (e'+ kyd) (pfg - p's'y)

d
- p'f's d(1l - ky)

0

cene (2.4,11)

Substituting Section Parameters in equation 2.4.11, (Sce Section Para-

meters in Fig. 8 in Appendix 1)

Therefore:

1
k, = m ((1+ h (pfgt _ p'f'sc))2 - 1)

Zkyd w2 o £

From equations 2.4.4 and 2.4.5

eg = e, (_1-k,;)
k
u
¢y = Su (1+ %)
d e

eees (2.4,12)

cene (2.4.13) .

oo (2.4,18)

eees (2.4.15)

Skzd(%)2 + 5 m(g) - t(pfs - p'f's) - p’f'sv = 0
Therefore:
Skzd(g}z + S m(a) - pfst + p'f'S (t - v) = 0
d d ’
Let
cC = t-v
X = 1
k k k
1 2 3
Therefore:
@?%, __m_ (@ - x (st - p'flae 0
T 3 Iy 1 ]
k,d 4 d £ £
Solving and Neglecting the Negative Root of equation 2.4.14
: 2 ten 3
(a) = m (=14 (1+ 4xkpd (pfst - p'f s€))*
d Zkpd mld £ £e
Let
ixiod = 4 kg g o= oy
k k
13
a = kyd

vees (2.4.16)
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Therefore:
by = EE_
kud
oy = Eg 1 seee (2.4.17)
d 1
m_ ((L+h_ (PE® - p'E'gCyyE _ gy
Y 5 ]
2kyd mZ f'c f c
¢, = Z2kge,
u
: 1
(m2+ n(Pfst - p'flgeyyz _ veee (2.4.18)
S — .
f'c £ c
Case I: Balanced Failure
e, = ey fs = fy
e’S ->. ey f'S = fy
Therefore:
2k e,
by = 2 . vees (2.4.19)
1
3
((@* + h(qt - q'c))” - m
Case II: Tensile Failure
eg > ey fg = fy
e'S >. ey f's = fy
Therefore:
2kqe
oy = Zu veer (2.4.20)
2 ' %
((m™ + h(qt - g ¢))* - m)
Case III: Compression Failure
es < ey fs = Eses
e's Z ey f'S - fy
Therefore:
2k2eu
¢, = |
b
((m2-+ h(Pfst - q'c))2 - m) oo (2.4,21)

£



(b) Compressive Hinge

Referring to Fig. 9 in Appendix B

Cp = kk £ bd (L+k'y) ceee (2.4.22)
C, = A'g £, cees (2.4.23)
T = Ag fq ceee (2.4.24)

Equilibrium of Forces:

Pu - kxkaf'c bd (l'-k'n) + Aﬁs fg + Asfs eees (2,4,25)
Let
k k f! = S
1 3 €
;ﬁ' T Sk v p' £y v pEg eer (2.4.26)

Equilibrium of Moments about Plastic Centroid:-

My F Rk ETe bd (1ek'p)(d - kyd - kpa)s A’ £y
(@ - Tpd = dyd) - Ag £g kd veee (2.4,27)
My = s(1+k'y) (d - kyd) = S(L+k'p) kya
bd
P'E's d (1 -k - ky) - pE, kd ceee (2.4.28)
Let N
e' = fﬂ x bd
bd P,

e ( S(1+-k'n) + p'f'S + pfs) = S(l-*k'n) (d - kpd)

- S(l*‘k'n) kza + p'f'sd (1 - kp - kn) - pfg kpd ceee (2.4.29)
Re~Arranging:

8L+ k'y) (e - d(1 - i) + (e'+kpd) (pfg+ p'£' ) -

p'f'sd (1 - ky) = —S(l+-k'n) kpa oo (2.4.30)

21.
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Substituting Section Parameters from Fig. 8 in Appendix B

S(1+ k'n)m+ t(pfs* p'f's) - p'f'sv = - 8(1+k'y) koa vess (2.4.31)
Therefore:
pf t p'f' ¢
a = - ( 1 ( R Sy, m) cees (2.4.32)
k k k 1+Kk' £! f! k
1 2 3 ( ¢ Q c c 2
But:
o, = Cu
a
Let:
B = - 1
kk (L+k'
Therefore:
o, = ky ey eee (2.4.33)
Tt -
B (pfst + D'f sc) m
3] 1
f c f c
Case IV: )
eS < ey fS = ES ey
] -
e'y 2 ey £y = fy
Therefore:
4, = ky ey veee (2.4.36)
pf t
B ( s + q'e) - m
—
¢ Y
Case V:
ey > ey fS = fy
1 —
e's > ey £ s = fy
Therefore:
¢, = ko ey veee (2.4.35)

plat+q'c) - m




The mathematical expressions which have been presented above

enable rapid calculation of the strength and deformational capacity of

plastic hinges in reinforced concrete beam-columns subjected to short
duration loads. The expressions have not been extended to include

the strain-hardening effects of steel reinforcement. In general the

expressions show that the ultimate curvature of a section will depend
on the fo}lowing:
¢u = R (ultimate concrete stress, ultimate concrete
strain, stress block parameters at failure,
yield stress of reinforcement, percentage of
reinforcemenf, bending moment, axial load,
section dimensions concrete cover to re-
inforcement).
Curvature and ductility requirements may therefore be satisfied by
judicious manipulations of these variables. The effects of some of
these variables have already been studied analytically by Pfrang,
Seiss and Sozen (14). Recent research on concrete ductility, Mattock .
(6), Corley (9), Roy and Sozen (10) have recorded that the presence
of shear stress and the stressing effects of helical and rectangular
ties have the effect of increasing the ultimate strain and hence the
ultimate curvature. The stress block parameters at failure have been
examined experimentally by Hognestad, Hanson and McHenry (18), and
they have been found to be dependent on the ultimate concrete cylinder
strength, fé(psi), as follows:

k1k3 = 3900+ 0.35 f',

vees (2.4,36)

3200+ £',
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and
. 1600+ 0,46 £' - 0.125£'2 (10 -4)
2 = ¢ c veee (2.4.37)

kiks

3900+ 0.35 f'c

Many researchers have documented work on a so-called ultimate
concrete strain, the wost popular value used in research is that of
ey = .0038 as suggested by Hognestad (13).

The most important factor in the determination of the ultimate
curvature, however, is the level of axi#l load and eccentricity. Tor
loads balow Py ductile behaviour is assured, but in practical structures,
it may prove uneconomical to ensure that a ductile condition can
exist at the hinge. This limitation may also prove to be a drawback
to proposed limit design techniques where a built-in ductility is
required to satisfy a preassumed redistribution of stresses. In this
case, the hinge has to be designed to satisfy two failure possibilities,
one of strength and the other for rotation. This problem is simplified
at the purely flexural hinge where ductility is enhanced by a simple
limitation of steel reinforcement.

To date it would appear that there has been little interest
in a yield.interaétion diagram. This diagram would describe the com-
binations of load and moment on a section which result in first
yielding of the tension reinforcement. The effects of shrinkage and
creep in concrete would affect the accurate determination of such a
diagram. These facgors render it difficult to determine a suitable
concrete stress distribution at the yielding of beam-column hinges.

A similar situation for purely flexural hinges is overcome by the

use of a semielastic design method.
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As a result of the above, there have not been many recom-
mendations on the design strength of beam-column hinges. Sawyer (2)
has proposed tentatively that the design moment, Me, should be given
by the relation Mo = 0.85 M,. The value of My 1s not the elastic
limit moment but the moment value at the intersection of the two
lines of a bilinear approximation of the moment-curvature relation-
ship. The value of M, is the experimental value of the ultimate
moment and not the somewhat lower theoretical value given by the
ultimate strength theory.

Berwanger (4) has proposed a design moment equal to the
yield moment of the section under zero axial load. %his value would
seem to be conservative (Fig. 6) and it may well offset the reduction
in hinge strength due to time dependent effects and torsion. Kahn
and Mattock (19) have reported that the presence of a plastic hinge
has no effect on the ultimate shear.strength of a reinforced con-
crete section.

The behaviour of beam sections which are subjected to com-
bined torsion and bending moments depend on the relative amounts of
web reinforcement, longitudinal reinforcement, and the arrangement of
the longitudinal reinforcement. Cowan (20) has reported that for
low steel stresses an unsymmetrically reinforced section with adequate
transverse reinforcement will not be reduced in flexural strength in
the presence of torsion.

The current ACI Building Code Requirements for Reinforced
Concrete (ACIL 318-63), limits the design moment and axial load for

tied columns to 0.7 of their ultimate strength.,
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The above discussions are to be applied to ductile hinges
only. These are hinges whose axial load is less than the balanced
load of the section. While brittle hinges are to be avoided it
might prove uneconomical in any method of analysis or design to
ensure against this condition. lowever the present trend towards
greater use of the moment-rotation relationship instead of the more
fundamental moment-curvature relation may well show that brittle hinges
can, with a safe assumption of strength provide the necessary
rotation capacity to aid the,stfess redistribution process that may

be required structurally.
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" CHAPTER 3

DESCRIPTION OF EXPERIMENTAL WORK

3.1 TEST PROGRAM

A total of fifty-five specimens were tested and these were sub-
divided into cleven seriles, (81-511), cach having five identical specimens,
(DRG. No. A-1216-30-S1 to DRG. No. A-1216-30-S11, Appendix F). The
difference between the series was the ratio of the longitudinal steel
reinforcement used in the specimens (Table 1). Series S1-S7 were rein-
forced unsymmetrically to simulate beams or unequally reinforced columns.
Series S5 and S6 were similar in all respects except for the volume of
transverse reinforcement that was used in the section. Series S§8-S11
were symmetrically reinforced to typify the normal column section. The
percentage of longitudinal steel reinforcement used in each member (Table
2) was chosen to lie within the range of maximum and minimum values
specified for columns by the Building Code Requirements for Reinforced
Concrete (ACI 318-63).

Each member of a series was axially loaded and brought to
failure by the application of two-point loading system (Fig. 10a). The
level of axial load chosen for each member was of a value-which would
result in tensi;e failure in some members and compression failure in others.
The two-point transverse loading was chosen so as to eliminate shearing
effects in the central portion of the member and thus provide a region
of the member which was subjected to pure bending moment. Concrete
strains in this region were measured using a layout of displacement trans-
ducers. The displacement transducers were linear variable differential

transformers with a built-in 6 volt DC excited oscillator. The trans-
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formers consisted of a cgil assembly and core which when displaced
linearly along the axis and within the bore of the coil assembly produc-
ed a voltage change in the output which 1s proportional to the displace-
ment.

Deflections were measured at seven locations (Fig. 10a) through-~
out the test span using deflection dial gauges,

DESIGN OF TEST SPECIMEN

The typical dimensions of a test specimen are shown in Fig. 10.
All specimens were rectangular ‘and having a 6" x 8" cross section, The
overall length of each was 6' - 0", the effective test span being 5' -
6'". Although these dimensions were based on the loading capacity of the
test equipment and the material strengths expected, they were also chosen

to prevent buckling of the specimens under the test loads. These dimen-—

sions correspond to a span ratio of 9 and a span ratio of 12. The
depth breadth

load points were located at 21" from either end, this allowed a 30" long
region of constant moment. Strains were measured over a centrally
located 10" gauge length. This length was chosen to be slightly greater
than the depth of the members and short enough to avoid the local effects
of load distribution through the depth of the member.

A typical member of a series was designed to fail under load
combinations which could be attained by the test eduipment to be used.
This was achieved by assuming approximate values of steel reinforcement
yield stress, fy = 40,000 psi, concrete compressive stress and strain,
fé = 3,000 psi and e, = .003 in./in. These values were used in a computer
determination of axial load-moment interaction diagram for each series.
This diagram gave a fair indication of the axial and transverse loads that

would be required during the tests. The capacity of the horizontal and

transverse hydraulic cylinders (Fig. 11) used in the test was 100 kips,
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but it was not the intention of the test program to produce failures under
axial loads only. It was decided to keep the axial load capacity of the
sections at values which were not more than 300 percent of the maximum
loading capacity of the test equipment. The amount of steel reinforce-
ment used in the members is shown in Table 1 at Appendix C. Complete
section details for each series are given in Table 2 in Appendix C.

FABRICATION AND MATERIALS

Due to the volume of concrete fequired and the need for uniform
concrece in all beams, it was not possible to use the laboratory concrete
mixing facilities at the University of Ottawa. The manufacture of the
specimens were therefore done commercially.

The specimens were cast by a long line process, the total
length of each line being approximately 300 feet. They were separated
by square bulkheads which were built into the steel moulds. This pro~-
duced the desired square ends to the specimens to enable a proper contact
surface with the axial load device. (See Fig. 13).

The cement used was normal Portland cement and the concrete mix

ingredients per cubic vard was as follows:

3

4" Maximum size aggregate 1865 1bs.,
Sand 1390 1bs.
Water - "~ 190 1bs.
Cement | 450 1bs.
"Protex" dispersing agent 27 ozs.
"Protex' air entraining agent to yield 672%17%
Moisture content of coarse aggregate 0%
Moisture content of sand 27

Two batches ol concrete mix were used in the manufacture of the

specimens. The second batch was used in the manufacture of series 56, S8,



S9 and S11. The remaining series were cast from the first batch. The
workability and air entrainment property of the batches are given in
Table 3 in Appendix C.

The fine and coarse aggregates were subjected to the normal
aggregate sieve analysis and the results are presented in Table 4 in
Appendix C.

Eight different sizes,No. 3 - No. 9, of deformed steel
bars were used as longitudinal and transQerse reinforcement., The bars
were of intermediate grade billet steel and tension tests were carried
out on duplicate coupons of each bar. Strains over a 6" gauge length were
recorded by the automatic recorder of the testing machine and were also
measured using an éxtensometer. The results of these tests are presented
in Table 5 in Appendix C.

Prior to the start of casting, all the steel moulds were inspect-
ed for the accurate layout of the cover to the steel reinforcement. All
placed concrete was adequately vibrated and the top face of the specimens
were trowelled to an even finish,

For each series of five concrete specimens, a total number of
three 6" x 12" test cylinders were taken. These were taken at the
beginning, middle and end of the concrete for each series. A similar
sequence was applied to the 3" x 3" x 12" concrete prisms which were to
be used in the determination of the resonance modulus of elasticity of
the concrete.

All specimens, concrete cylinders and prisms inclusive, were
allowed to stand for eight hours before steam curing was applied for
twenty-four hours. They were then removed from the moulds, wire brushed
and stored in curing pits for two days and then were finally transported

to the laboratory for testing.

30.
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TEST APPARATUS

The basic description of both the axial and transverse loading
used in this test is one which applies a load through a hydraulic jack
and a subsequent weighing of the applied load using load cells,

Prior to t;is experimental program, the loading frame that was
used had been designed for transverse load application only. The principal
features of the frame were the reaction beams to which was bolted a 100
kip capacity hydraulic ram, a transverse'loading beam and loading bed
manufactured from I-beam sections. The hydraulic ram was operated by a
hand-operated pump which was detachable from the ram. Transverse load
was therefore transmitted by the loading beam to the test member by
two knife edges (Fig. 11, Appendix B) which were symmetrically arranged
on the beam at 30 inches apart. The applied loads were weighed using two
50 kip capacity load cells as supports. The load cells were connected to
a Gilmore Model 471-210 Load Indicator. This indicator had an indicator
range of £ 100 kips and featured an accuracy of ,027 of reading.

The loading frame was modified to accept the axial loading
devices by extending the existing bed at either ends to accomodate two
symmetrically placed abutments (Fig. 11). A 100 kip capacity hydraulic
ram was bolted to one abutment and a load cell of similar capacity to
the other abutment.

The hydraulic'ram was connected to a hydraulic pump through a
servovalve. The pump was controlled by a power and failsafe panel, and
all these units, the load cell included, were connected through a Giimore
Model 431 Sefvo Amplifier. The function of the Servo Amplifier was to
detect load losses from the load cell due to shortening of the speci-
men‘and subsequently ‘to command the servovalve to effect a restoration of

the preset load to the ram. The axial load once preset on the amplifier,
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can be maintained at that level throughout the test., The load cell was
also connected to the load indicator previously described. A schematic
description of the load assembly is given at Fig. 12, Appendix B and
Plates 3, 4, and 5 in Appendix E.

Concrete s;rains over a centrally located 10" gaupge length were
measured using ten direct current differential transducers. The trans-
ducers were activated by a six volt direct current power supply. The
voltage output from the transducers were monitered through a switching
unit to a voltage-to-~frequency counter. A sketch of this electronic
circultry is shown at Fig. 12, Appendix 3.

Deflections of the specimens were measured at seven locations
in the test span (Fig. 10a, Appendix B). Deflection dial gauges were used
for these measurements. A deflection dial gauge was also used to measure

the lateral deflection of the central portion of the specimens.

TEST PROCEDURE

The test program entailed that each of the five specimens in
a series would be tested at different levels of axial load. The first
specimen, however, was tested without axial load. The transducers were
attached to the specimens using specially designed mountings. These
mountings consisted of two rectangular (1" x 1'" x ;h ) aluminum blocks.
The transducers and transducer cores were fitted into holes which were
drilled into these mountings as shown at Plate 3, Appendix E. The
mountings were cemented to the specimen uring an epoxy adhesive and was
allowed to stand for at least four hours before testing. The specimens
were thereafter placed in their test position and carefully centered.
For specimens tested under axial load it was necessary to use the specially
designed endbearing devices (Fig. 13) to transmit load to the ends of

the specimens.
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The value of axial load was pre-set on the Servo Amplifier as descrihed

in section 3.4 and then gradually applied to the specimen. The transducers
and deflection dial gauges were then sct to their initial readings and the
transverse load was applied slowly using the manual pump of the vertical
hydraulic cylinder. For each increment of load, records were made of

the outpu;s of the transducers, load cells and deflection dial gauges.

The specimens were loaded to failure and the mode of failure was recorded
for each specimen.

The concrete cylinders (6" x 12") were tested in a compression
test machine (Plate 1), and the strains were measured and recorded for
loads up to approximately half of the ultimate strength. The cylinders were
brought to failure and the ultimate compressive loads were recorded.
Deformation tests were carried out on two of the three cylinders tested
for each series of specimen.

The concrete prisms, (3" x 3" x 12") were tested for the re-
sonance modulus of clasticity using the SCT5 Electrodynamic Materials
Tester. (Plate 2). A total of four prisms were tested for each series
of specimens. Both.concrete cylinders and prisms were tested-on the same

day on which their respective beam specimens were tested.
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CHAPTER 4

RESULTS AND CALCULATIONS

4.1 CONCRETE TEST PROPERTIES

The ultimate concrete stress, f;, the initial tangent modulus,
Ec’ and the resonance moduli of elasticity, Ed’ are presented in Table 6
in Appendix C.

The ultimate compression load for each cylinder was divided by
the cross sectional area and the average value of the ultimate compressive
stress for the three cylinders was calculated for each series of specimens.

The initial tangent moduli of concrete, Ec’ were the average
values as obtained from two of the three cylinders mentioned above. The
experimental results were fitted to a straight line using a curve fitting
process and the slope or tangent modulus. determined. The average values
were compared with those calculated using Inge Lyse's empirical equation
for the initial tangent modulus of elasticity.

L, = 1,800,000 + 460 £’ ceeees (4.101)
This equation is reported (7) to give values which are % 10 percent of the
actual values. These values of moduli of elasticity are presented in
Table 6 at Appendix é.

The resonance modulus for each series of specimens was deter-
mined from the test on four 3" x 3" x 12" concrete prisms. The values of

resonance modulus were calculated using the formula (21).

E, = KW (') 2 ceene. (4.12)
where K = 0.01035 x length of specimen
cross sectional area of specimen ceeess (4.13)

The value of W and n' are respectively, the weight of the prisms and the

resonance frequency as obtained from the electrodynamic tester. The
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average value of four tests is reported for each series of specimens
in Table 6 in Appendix C.

TENSION TESTS OF STEEL REINFORCEMENT

The results of the twelve tests carried out on the steel
reinforcing bars are reported in Table S in Appendix C. The object
was the determination of the modulus of elasticity, the yield stress,
the ultimate stress and the overall tensile behaviour of the specimens.
The latter is presentcd graphically in Fig. 15 and 16 in Appendix B for
the No. 6 and No. 7 steel bars. The yield stress and strain was obtained
from these curves and was calculated as the coordinates at the inter-
section of the elastic and strain hardening segments of the curve. The
ultimate stress was obtained by dividing the ultimate load by the cross
sectional area of the specimen.

The moduli of the elasticity reported in Table 5 in Appendix
C are the average values from the tests on two coupons and these were
obtained by applying a curve~-fitting computer program to the pre-yield
stress/strain results.

TEST RESULTS OF BEAM-COLUMNS

The results.of loads, strains and deflections from the various
tests were processed using computer programs as described below. A flow
chart for each program is given in Appendix D.

The observed dracking patterns at failure for specimen series
56 and S10 are shownin Plate; 6 and 7 in Appendix E.

Program I

This program was designed to check the data for possible
mistakes in the recording of results and errors due to malfunctions
of the recording instrument. The output of this program was the

incremental incréases in values of loads, strains and deflections. Details
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of the significant errors are given and discussed in section 5.6.
Program II

The procecdure of the test program did not permit the measure-
ment of the strains produced by the axial load and such strains had to be
obtained by calculation. Using the data presented in Table 6 in Appendix
C, the liognestad stress/strain relation for concrete and the properties
of the member section this computer program was used to evaluate the strain
distribution due to the prestressing axial load.

The second paragraph of the program was devoted to the deter-
mination of the load/deflection profile of the specimens for each incre-
ment of load. The profiles were evaluated from the seven dial gauge
readings taken across the span. These readings included the central
deflection of the test specimen.

The third paragraph was used to evaluate the strain at which

cracking of the member was first visible. Further, the program evaluated

from the transducer data set, the strain at the elevation of the various
transducers (Tig. 10b). This was done by evaluating the strain measured
by each transducer and presenting the strain at a particular elevation
as the average valuelof complementary pairs of transducer readings. The
average values of strains were then fitted to a straight line by a curve
fitting process, All the transducer readings were used in the determination
of the strain distribution for strains recorded before perceptible cracking,
however, for other cases, only readings of transducers Tl, T2, T3, T7, T8,
T9 and T10 (Fig. 10b) were used in the fitting of the straight line.

The fourth paragraph of the program was devoted to the algebraic
addition of the strains due to the prestressing axial load and the fitted
stfaight line strain distribution mentioned above. The slope of the

resultant strain profile and the depth of the neutral axis were then evaluated.
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The fifth paragraph was employed in the evaluation of the total
moment due to the dead weight of the member, deflection, eccentricity and
the transverse load.

This process was repeated for each load increment and resulted
in the load/moment, ;oment/curvature and load/deflection relations for
the specimens tested. Graphical representations and a discussion of
these relations will be presented in later articles of this thesis.
Program III

This program was used in the theoretical evaluation of the
axial load/moment interaction diagram and the theoretical curvatures as
expressed by Equations 2.4.18 and 2.4.33. The procedure involved the use
of the values of concrete cylinder strength, yield stress of steel rein-
forcement, ultimate concrete strain and the elastic modulus of elasticity
of the stecel reinforcement. The ultimate concrete strain used was the
average failure strain as obtained from the test results of the four
axially loaded specimens of each series. An outline of the program
is given below and a detailed flow diagram is given in Appeandix D.

{a) Calculate the balanced coandition and determine Py, and Mb

as well as the depth of neutral axis.

(b) Calculate the section failure parameters as described in

Fig. 8, Appendix B and calculate the ultimate curvature
using thé relevant theoretical expression. Calculate the
ultimate curvature by dividing the ultimate concrete strain
by the depth oi neutral axis.

(c) Reduce the depth of neutral axis incrementally from the

balanced condition and calculate the resultant axial load
and woment.

(d) Repeat (b).




38.

(e) Imcrease the depth of neutral axis incrementally from
the balanced condition and calculate the resultant axial
load and moment.

(£) Repeat (b).

The relations resulting from this program are represented

graphically and are discussed in sections 5.4, 5.5, 5.6 and 5.7.
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CHAPTER 5

DISCUSSION OF RLESULTS AND CONCLUSIONS

RESULTS OF CONCRETE TESTS

The results of the concrete tests are presented in Table 6 in
Appendix C.

Although it was desired to have concrete of equal strength in
all test specimens, it was observed that there were variations in the
values of the ultimate concrete compressiﬁe strengths. The lower values
of the strengths of series S6, 58, S9 and S11 is due to the fact that

these specimens were cast from a second batch of concrete. Variations

in the strength of the other series were reiatively small and were ascribed

to the difference in the age of the specimens at the time of testing.
In most cases the ultimate concrete compressive stress obtained from the
tests exceeded their intended values.

The initial tangent moduli as determined from tests on the
6" x 12" cylinders were compared with the resonance moduli of elasticity.
It was observed that in all instances the resonance modulus was higher
than the corresponding initial tangent modulus. This observation is in
general agreement'wiéh the results of previous research (Whitehurst (21),
Sharma and Gupta (22), Stanton (23), Jones (24)) in this field. White-
hurst (21) has reported that the static modulus in -compression was equiv-
alent to 89 percent of &he resonance modulus.

From Table 6 it was observed that the ratio of static modulus
to resonance modulus varied between 0.74 and 0.93.

Sharma and Gupta (22) have established a relationship between
static modulus of elasticity and the ratio of static to resonance moduli

as follows:

39.
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EC
— = 0.368 + 0.0871 E. 107© cevee. (5.1.1)

5 c
d

It was found (Fig. 14, Appendix B) that this expression could not find
general application with all the results in Table 6. This may be due to
the fact that the range of static moduli values over which the two tests
were conducted were substantially different.

Jones (24) has reported that the following empirical relation

i
}
{
H
i
i

was consistent with many results:
Ed = B + 1 ceenee (5.1.2)
This relation could not be applied to most of the results in Table 6.
A comparison of the initial tangent modulus as obtained from

the compression test and those obtained from Inge Lyse's equation is given

ol

in Table 6. It was observed that the ratio :E for all the tests were

Ee
within the range of 0.82 - 1.0l. This variation is in satisfactory
agreement with the limitations of Inge Lyse's equation as stated in section

4.1,

5.2 RESULTS OF TENSION TEéTS OF STEEL REINVORCEMENT

The results.of the twelve tests carried out on the steel rein-
forcing bars are reported in Table 5 in Appendix C.

It was observed that the values of yicld stress werc in excess
of the intended values and that a constant value of yield stress was not
attained by all the steel specimens, Based on the minimum value of yield
stress attained there was a maximum variation of approximately 18 percent
in the values of yield stress.

The overall tensile behaviour of the No. 6 and No. 7 steel ﬁars

is shown in Figs. 16 and 17. In general it was found that the bars showed
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sharp transition from the yield state into the strain hardening range.

INTERACTION CHARACTERISTICS

The graphical representation of the interaction characteristics
for the eleven series of specimens are presented in Fig..l7 - Fig. 60
in Appendix B. The behaviour of each series is represented by four
different curves as follows:

(a) Axial Load-Moment Diagram

(b) Moment-Curvature Diagram A

(c) Load-Deflection Diagram

(d) TEccentricity-Ultimate Curvature Diagram
A summary of the results is also given in Table 7 {n Appendix C.

AXTAL LOAD-MOMENT DIAGRAMS

The theoretical axial load-moment diagrams are presented as the
first graph in each series of interaction characteristics in Figs. 17,
21, 25, 29, 33, 37, 41, 45, 49, 53 and 57. The curves were obtained from
the computer output of Program III. The input data were the average
values of concrete cylinder strengths and the average ultimate strains
as obtained from the four axially loaded specimens of each series. The
five experimental'values of ultimate load and moment for each series are
also presented on these graphs. These values showed satisfactory agree-
ment with the theoretical values. In cases where there were variations
between the theoretical curve and the experimental points it has been
ascribed to the fact that the average values of concrete strengths were
used as the input data for the theoretical curves. It is observed that
experimental points on the graph which represented tensile failures showed
greater aeviations from the theoretical curve than points which represent-
ed compression failures. This has been ascribed to the assumptions at

section 1.0 in which strain-hardening of the steel reinforcement was
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neglected., The increase in stress in the tensile reinforcement due to

strain hardening would increasc tue moment capacity of the section. The

N

accuracy of the experimental values were also dependent on the accurate
interpretation of the failure load. In many cascs the test specimens were
able to carry an increasing load after {ivst crushing of concrete at the

{ top of the specimens. Although care was taken in the determination of the
i load at first crushing, it is believed that this has contributed to the
b

E scatter in some of the results.
|

H

i

Each interaction diagram exhibited the usual branches which are

characteristic of compression and tensile failures. This behaviour had
good correspondnece with the type of failure exhibited by the test speci-
mens.

Although great care was taken to keep the percentage of longi-
tudinal reinforcement as the only variable between the different series,
it was found that there were variations between the yield stress of the
steel reinforcement and the ultimate concrete compressive stress for each
series of specimens. This factor has tended in some cases to invalidate
the cowparative behaviour of the different series of specimens.

Referriﬁg to Figs. 45, 49 and Figs. 54, 58, it is observed
that although the magnitude of balance moment, Mb’ is increased as the
percentage of réinforc;ment is increased the magnitude of the balance
load, Pb’ is esseantially constant for each pair of symmetrically reinforc-
ed sections. TFrom Tzble 2, Tigs. 37 and 45, it is observed that the value

1
of the balance moment is increased as ¢ is increasced but that the balance
u

1
load is decreased as q 1s increased for unsymmetrically reinforced sections.
u

4 ostudy of all the curves show that the strength capacity of a
1

cross section is increased if q is increased (Table 2, Appendix C) and
u
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that the moment corresponding to balanced failure is markedly increased
by increases in the percentage of steel reinforcement,

MOMENT~CURVATURE DIAGRAMS

The experimental moment-curvature-thrust diagrams are pre-
sented at Figs. 18, 22, 26, 30, 34, 38, 42, 46, 50, 54 and 58. The
curves are the plotted values of the output data of Program II. TFive
moment-curvature diagrams, one for each member of a series are presented
on each graph. The values of axial load at which the moment-curvature
relations were measured are indicated on each graph.

A typical curve, Fig. 18, shows that as the axial load is
increased that the slope of the moment-curvature diagram is increased up
to and above the balance load. This indicates that the rotational
stiffness has increased over this range .of loading. For loads which are
much higher than the balance load (Fig. 38), the rate of increase of
stiffness with axial load is much lower than that of lower loads. For
series 88, Figs. 45 and 46, it is observed that the section has a balance
load of 67.4 kips and that while there is a rapid change of slope between
curves A and B (axial load 0.0 kip and 20.2 kips respectively), there is
a lower rate of change of slope between curves B and D, the axial load
being 20.2 kips and 60.4 kips respectively. It is noted that at higher
axial loads, curve E, axial load 90.2 kips, the rate of change of stiff-
ness becomes negative.'

Referring to Table 7 and Fig. 38, it is observed that curves
A, B, C and D, (Series $6), indicate very high ductility but that the
ductility is decreasing rapidly as the level of axial load increases. It
is also observed at Fig. 18, curves D and E that as the axial load (99.8
kibs) increases above the balanced load of the section (65.4 kips) the

reduction in moment capacity is greater than the reduction in ultimate
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curvature and this causes an apparent increase in the ductility
of the section., A comparison of curves B of Figs. 26 and 34, (Series
53 and $5) shows that the ultimate curvature oi the sections under an
axial load of approxiwately 20 kips are ,0012 in.”l and .00086 in.—l
respectively. The difference between these sections was principally the
percentage of steel reinforcement (Table 2). It is therefore concluded
that ductility of members is decreased by an increase in the amount of
longitudinal reinforcement.

It was not possible tb study closely the effects of the trans-
verse steel reinforcement on the ultimatce curvature as it was obscrved
that the concrete strengzth of series S5 and 56 were markedly different.

LOAD-DEFLECTION DIAGRAM

The load-deflection diagrams are presented at Figs. 19, 23, 27,
31, 35, 39, 43, 47, 5i, 55 and 59, The conclusions drawn from these
b b

curves were similar to those included at section 5.3.

LECCUNTRICITY-ULTIMATYE CURVATURE DIAGRANS

The theoretical curves of eccentricity/ultimate curvature are’
presented at Tigs. 20, 24, 23, 32, 36, 40, 44, 48, 52, 56 and 60. The
curves were obtained in the manner described in section 4.3. The values
of eccentricity and ultimate cuxvature which were obtained from the tests
are also presented on these curves. Although only four experimental
values were available, the tread was in satisfactory agreement with the
theoretical values. The scatter in some of the results has been ascribed
to the sensitivity of the theoretical expressions to the value of limiting
strain. The average values of ultimate strains as calculated from the
test values of the four axially loaded specimens of each series were used
in the evaluation of the theoretical expressions.

A study of the theorectical curves shows that the theoretical
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expressions satisfy the descriptive behaviour at ultimate, of reinforced
concrete beam-column sections.

Referring to TFigs. 24 and 28 (Series S2 and S3), it was.found
that for approximately the same value of ultimate strain (.0033 in./in.)
the former scction showed higher values of ultimate curvature. Tigs.
48, 52, 56 and 60 when compared with similar curves for unsymmetrically
reinlorced -sections showed that the symmctrically reinforced concrete
beam-columns possessed better ductile characteristics than unsymmetrically
reinforced sections.

DISCUSSION OF ENPUERIVENTAL ZRRORS

The horizontal pins shown at Fig. 13 periormed satisfactorily
but it was noted that on appiication of the axial load the test specimen
tended to move vertically due to rotation at the ball bearings. In some
cases corrective measures were successiul but in others, attempts were
made to measure the new elevation of the test beam.

Although careiful attention was paid to the determination of the
load at first fracture oi the concrete, it was not possible in all cases
to achieve this goal. This may have resulted in slightly incorrect
values of the failure loads.

In order to avoid dawmage to the linear variable differential
transducers it was necessary to remove them before-.the initiation of
concrete failure, This'was necessary ior cases in which compression
failures were expected and this could introduce slight errors in the
values of the recorded ultimate curvatuves. The measurement of deflections
were continuous throughout and gave a fair indication of the relative
deformation of the specimens at failure.

The output Irom computer Program 1 showed in some instances

that there was malfunctioning of some transducers during the tests. This
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may have been due to slipping of tLe wmountings or more iilely due to

stlcking of tho transducer core. Where this was observed it was necessary

to modiiy computer Program II to owit the use o these readines and this

[ (5]

4 i

From an examination of the xesults, the following conclusions

1. The magnitude of the balance point load is unaffected by
the amount of loagitudinal reinforcement if the section

is equaily reinforced in tension and comdression.

2. The magnitude of the balauce load is increased if the

-~ 1 . - - N . P -
Caclor ¢ 1s qecweased and is esscntially constant for
u
1
¢ = 0.
u
3. The scrength cupacity of & pgiven scction is increased if
1
G is incveasing.
u
4, The wowent covresponding to the balance condition is

markedly increased by increases in the longitudinal

steel rveinforcemaent.
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5. The rotational sciiin

columns is mavrkeudly increascd in the presence of axial

40dU.
6. The vate of ducrease of stiffness with axial load is
greater for loads less than P, ; for higher magnitudes

above cceztain locd leveis.

7. There are large asounts ol ductility at low values of

axial load, and the ductility is decreased as the
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axial load increases.

3. For axial loads g

reater than the balance load, the

veduction in moment cavacity with increas load is

[ X
=}

greater than the reduction in ultimate curvature and
this causes an appavent inerease in ductility.

9. Ductility of beam-column scctions is decrcased by in-
creasing the awount of longitudinal reinforcement.

10. The theoretical expressions presented satisfy the
descripiive behaviour at uitimate, of reinforced
concrete beam~-colums.,

11. Symmetrically reinforced concrete beam— columns possess
better ductile chavacteristics than unsymmetrically
reinforced scections.

vy Ty

O AT rerar
WS TOR FURTHER RISEARCH

ihe study carvied out in this thesis has verified a number

mportant factors which influence the interaction char racteris-—

tics of hinges formed at bLeam-columa sections. liowever, a number of

suggestions for furtner rescarch scens to be apparent:

1. The theorctical eupressions presented in this thesis
require further experimental examination. Using the
linited test population of this program the expressions
seem to overestimate values of ultimate curvature at high
values oi eccentrieicy.

2. Studies leading to the development of vield interaction
envelopes, would undoubtedly provide valuable infor ‘mation
on the acceptable design mowment of beam-column sections.

3. Experimental studies on full scale structures leading to

better knowledge of the behaviour of beam-column ninges.
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4, The extenslion of this thesis to account for the

strain-hardening cficcts of the steel reinforcement.
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Specimen Series Slump Alr
Batch Name (in.) Entrainment (7)
1 S1, S2, S3, S4,  3.25 5.75

§5, §7, S10

o

S6, S8, 59, S11 2.5 6.0

TABLE 3: WORKABILITY AND AIR ENTRAINMENT OF CONCRLTE

Fineness

Agoregate : Percentage Retained on Sieve No. i Modulus
. \
" 2" s5/8" 3/8" 4 8 16 30 50 100 200
Sand ' 3.2 16.7 30 44 69.5 90.0 97.7 2.53
Gravel 4 18 74 97 97.7 -

TABLE 4: SIEVE ANALYSIS OF AGGREGATES
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Lo Modulus of Modulus of £, ?y ey E, Are iy
No. Dlasticity, By Elasticity, Eg ksl - ksi 6" ga. $q. Tsi
pol x.lOG psi x 109 In.

(Avg.)

2 31.93 31.93 43.0 43.0 .00135 .00135 .05 70.0

3 23,26 28.37 43.0 48.1 .00148 00156 .11 84,2
28,48 48,2 .00165

4 31.13 31.13 44,2 44,2 .00136 00136 .20 70.0

5 30,39 30.75 46,0 46.2 00143 00142 .31 71.0
Z0.61 46 .4 00141

o 2904 30.17 4605 46.5 .00155 00149 440 78,07
36.91 46.6 00144

7 30.69 30.54 43.5 43.9 00140 .00141 .60 V5.3
51.6G0 43.3 ,00142

8 30.82 30.82 42,0 42.0 .00135 .00135 .79 75,0

9 29.90 29,90 49.8 49.8 .00175 ,00175 1.0 83.9

’

TABLE 5: TEST RESULTS OF STEEL REINFORCING BARS
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Specimen Name

Series

S1

S2

S3

S4

55

56

OO w > OO w > HOO® > OO > moQw>

moaOw >

My
(Test)

kip in

127.6
229.2
243.6
261.6
182, 4

230.0
309.4
340.0
321.2
313.2

350.0
406.3
375.2
338.0
308.1

404.0
444.4
397.9
340.5
325.0

296.4
417.6

- 405.7

401.7

. 382,2

281.3
377.8
324.2
289.2
287,0

TABLE 7: SUMMARY OF TEST RESULTS

Py

(Test)

kip

O~ 0NN
OO ;O
« o .
N = OO0

WO
So0o0o0O0
HWOHO

0.0
20,1
40.1
60.0
90.3

by
(Test)

in'l

.00293
.00158
00124
.00105
.00082

.00102
.00082
.00080
.00078
.00090

.00100
.00120
.00095
.00073
.00068

.00052
.00098
.00068
.00052
.00059

.00088
.00086
.00077
.00070
.00068

.00087
.00117
.00080
.00058
.00071

Cy

STest)

in/in

.0036
.0039
.0045
.0038
.0031

.0033
.0032
.0034
.0034
.0036

.0033
.0036
.0029
.0031
L0034

.0032
.0036
.0030
L0034
.0032

.0030
.0033
.0032
.0033
.0029

.0029
.0047
.0032
.0026
.0035

(Avg.)

in/1in

.0038

.0034

.0033

.0033

.0032

.0034

'120.

Py

(calc.)(calc.)

kip in kip

223.6 65.4
301°5. 48,1
338.6 38.0
379.7 6.7
365.7 31.0
319.8 13.1



121.

A 343,8 0.0 .00094  ,0032
B 468.0 10.4 .00095  ,0034
S7 C 482.9 30.0 .00101  ,0038 0033 444,7 11.1
D 478.4 60.2 ~.00087  .0035
E 337.8 90,2 .00057  .0025
A 145.8 0.0 .00093  ,0022
B 301.9 25,2 ,00123  ,0035
S8 c 315.1 50.5 .00115  ,0043 .0035 260.2 67.4
D 281.3 75.5 .00102  ,0042
E 274.7 89.6 .00072  ,0033 -
A 217.8 0.0 .00097  ,0023
B 324.0 25.2 .00098  .0031
S9 C 375.0 50.2 - .00091 .0037 .0032 305.5 61.8
D 348.9 75.3 .00089  ,0036
E 309.1 95.0 .00058  ,0033
A 273.2 0.0 .00124 . ,0030°
B 408,3 25.6 .00122  .0034
510 C 443,4 50,2 .00091 ,0033 .0032 388,.5 86.7
D 496,8 75.2 .00117  ,0032
E 425.0 95.4 .00074  ,0031
A 283.3 0.0 .00148  .0036
B 442,5 25.8 .00119 ,0038
S11 c 470.,0 50.0 .00117  .0044 .0038° 425.1 74,5
D 488.1 80.1 .00092  ,0039 - .
E 440, 4 95.0 .00077  ,0035

TABLE 7: SUMMARY OF TEST RESULTS (CONTD)
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APPENDIX D: COMPUTER FLOW DIAGRAMS



ey i,

. FLOW DIAGRAM - PROGRAM I

|

‘ 1

r/rﬁName of Specimen

N number of
readings

>0

=0

<Q’ CT
If Y
___( If (N) )

(,Load cell data

/

Load cell data

(/'Trnnsducet data

P

[/rDeflection data

Deflection data

|

123,



Applied load for

Jel, N

Total deformation

124,

from transducer
data set for
Je1, N

Total deflection

Load and deformationA

from deflection
data set for
J=1, N .

Difference between
consecutive load
cell data:

Difference between

Load and .
deflection

Incremental load

consecutive transducer]
data

Difference between
consecutive deflection

data

and deformation

Incremental load

and deflection

b

| ]

Return




<0

Name of
specimen

N = number of
rcadings

=0

o> . '
__{‘ N )———’-— " M a N+1

FLOW DIAGRAM - PROGRAM II

W
D

breadth of specimen
depth of specimen

ES  modulus of elasticity of steel
LC  modulus of elasticity of concrete
FIC ultimate concrete compressive stress
AC area of compression reinforcement
AT area of tension reinforcement
AXL axial load
ccC cover to compression reinforcement
CcT cover to tension reinforcement
CR1  initial transducer reading at
extreme compression fibre
CR2  trainsducer reading at first
perceptible cracking

125,



SRS N ERR ST A ST

CRSR  maximum compressive
strain at cracking

C AXL = 0 -)*T

F

Centroid, eccentricity, second moment

of area. Strain distribution due to

direct load using llognestad's stress/
strain relation

950
Load cell .
data
f/;ransducer data

/,Deflection data

I — 1,4/

Transverse load, moment.
Load - deflection profile

126,



T

I - 1, M
STRI(I) mmmm e STR6(1) =
strain at elevation of trans-
ducers

2

X(I) = elevation of transducers

soo—_\_

I -~ 2, M/

YOV ¥Y(1) ' STRI(I)
Y(2) STR2(1)
Y(3) STR3(I)
Y(4) STR4(T)

. . ' T
(iEBSR S Y(l)f:>

F

Y(5) = STR5(I)
Y(6) = STR6(I)

¥, ¥(sy, Y(6)

Fit strain data to straight
line using Y(1), Y(2), Y(3),

| u

801

127,

Fit strain data to -
straight line using Y(1),
Y(2), Y(4)




o

G

.Add initial strain distribution

to fitted strain distribution.
Calculate final strains across
section. Calculate curvature
and depth of neutral axis.

128,




FLOW DIAGRAM - PROGRAM III

|

[/>N = number of series

o

51

////'B breadth of specimen
- D effective depth of specimen

FC concrete compressive stress

FY steel yield stress

CcC cover to compression reinforcement
CT  cover to tension reinforcement

AC area of compression reinforcement
AT area of tension reinforcement

EU limiting concrete strain
EMS  modulus of elasticity for steel

reinforcement

PO = axial load
EY - steel yield strain

]

distance of plastic
centroid from geo-
metrical centre

EJ
1]

. ]

t
"

CB = neutral axis at balance condition
MB « moment about plastic centroid at
balance condition
PR balance load
BT, BN, BM, C, QC = gection failure. para-
meters
PHIC = ultimate curvature

i

129,
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. {_ 50 52
CBT = CB - 0.15 ' ESC - strain in

— compression reinforce-

ment
0 (- ar-c ) 0 ((Esc>rEy ) T

=0 i F

: |
UMT ultimate- moment

tn

PRT = axial load

BT, BN, BM, C, QC.= section
fallure parameters
PHIC = ultimate curvature

: 7N
” &

CBC = CBT 0.15

53

steel ylelds stress

2

=0 ' UMT = ultimate moment
PBT = axial load

BT, BN, C, QC = section
<€§}—-—— failure parameters
55 PHIC « ultimate curvature

L EST = strain in
tension steel (tensile)

UMC = ultimate moment
PBC = axial load

BT, BN, C, QC = section
failure parameters
PHIC = ultimate curvature

54

EST = strain in tension steel
56 ‘ (compressive)
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UMC = ultimate moment
PBC = axial load

BT, BN, C, QC = section
failure parameters
PHIC = ultimate curvature

CBC = CBC  0.19

N
CCBC<D CT:/\ T @
‘ F
J=1J 1
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APPENDIX E : PHOTOGRAPHS




PLATE 1 — COMPRESSION TEST ON 6” x 12” CONCRETE CYLINDER.

PLATE 2 — ELECTRO DYNAMIC MATERIAL TESTER - RESONANCE
MODULUS OF ELASTICITY 3” x 3" x 12” PRISMS.




PLATE 3 — LAYOUT OF LINEAR VARIABLE DIFFERENTIAL TRANSFORMERS
AND DEFLECTION GAUGES.




PLATE4 — 100 KIP CAPACITY HYDRAULIC CYLINDER AND DETAILS OF
VERTICAL AND HORIZONTAL PINS.

PLATE 5 — 100 KIP CAPACITY LOAD CELL.



RIS

e

,..wr Yooy -

LSGD \'

§0
e

TR T

PLATE 6 — UNSYMMETRICALLY REINFORCED BEAM-COLUMN AFTER
TEST - SERIES S6.

1 N

?ﬂ

iuﬁo‘:,‘
DS

PLATE 7 — SYMMETRICALLY REINFORCED BEAM-COLUMN AFTER
TEST - SERIES S10.
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