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SUMMARY

Analytical section responses were generated for reinforced concrete column
specimens tested and reported by a number of authors. Different hysteresis
models for the materials were incorporated, varying a number of parameters.
Comparison of analytical and experimental responses led to an assesment of
material hysteresis in generating column section response.

RESUME

Les réactions des sections sont preduties analytiquement pour des spécimens
de colonnes en beton armé qui avaient été auparavant étudiés empiriquement
par des auteurs différents. lLes différents modédles d'hysteresis pour les
matériaux sont traités en variant certains paramétres. La comparaison des
réactions analytiques et experimentales aboutit a une gévaluation de
1'hysteresis des matériaux dans le cas des réactions des sections de colonnes.

INTRODUCTION

The main purpose of this study is to investigate the required sophistication
and basic parameters of the material hysteresis models in generating hys-
teretic response of reinforced concrete column crossections. An analytical
assessment of material hysteresis through column section response is con-
sidered appropriate since experimental data is available, the methodology is
well established and bond is not directly involved as in member response.
Any information gained through such an investigation can be extrapolated to
material response in analysis problems involving different stress configura-
tions.

A multi-linear hysteresis model for steel and two hysteresis models for

concrete are constructed with the information provided by tests and studies
on material behavior by Aktan (1973), Hognestad (1955), Kent (1971), Smith
(1955) and Karsan (1969). The finite-filament technique, proposed by Aktan

(1974) was incorporated in conjunction with these material hysteresis models
to generate column section response.

A significantly more detailed presentation of the study presented in this
paper is contained in Reference 4 by Ersoy (1976).
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MATERIAL HYSTERESIS MODELS
Steel (Fig. 1)

The elastic-strain hardening plastic initial loading paths in both direc-
tions constitute the envelopes for strain reversals. Unloading slopes in

tension or compression are equal to the modulus of elasticity until a line
through the origin and parallel to the plastic paths are intercepted. Un-

Toading continues Tinearly with a smaller slope termed as the Bauschinger
slope.

Fig. 1 Steel Hysteresis Model

The multi-Tinear model has only the Bauschinger slope as a hysteresis para-
meter. The yield stress and strain as well as the strain hardening slope are
characteristics of the monotonic strain behavior. This model is considered
to have practical advantages over the Ramberg-Osgood representation as the
significantly more complicated Ramberg-0sgood model has three hysteresis

,.:.:fﬁ”s
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Test # 8, Aktan (1973)
- — Steel Hysteresis Model
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Stroin (10'2)

Fig. 2 Comparison of Steel Hysteresis Model With Test # 8, Akton (1973)
(1psi =007 kgf per cm?)
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parameters which need to be determined by regression techniques applied to
test results. Borrowing this information to apply to material with different
virgin properties does not necessarily result in a better simulation of sec-
tion response compared to that provided by the multi-linear model. The pro-
posed steel hysteresis model 1is checked against coupon test #8 reported by
Aktan (1973) in Fig. 2. The Bauschinger slope is observed to be approxi-
mately 20% of the modulus of elasticity for this specimen.

Concrete Hysteresis Model 1 (Fig. 3)

Fig. 3 Concrete Hysteresis Model 1

The envelope up to maximum stress is the parabola defined by Hognestad
(1955), followed by a Tinear descending portion which is determined as a
function of confinement in accordance with the expressions provided by Kent
(1971). Loading and unloading paths are Tinear, with a slope equal to the

initial tangent to the parabola. No tensile stress capacity is assumed.

Concrete Hysteresis Model 2 (Fig. 4)

Fig & Concrete Hysteresis Model 2

The envelope curve is the exponential expression proposed by Smith (7955)
up to maximum stress. The descending linear portion is identical to model 1.

A common point curve parallel to the envelope curve is defined after Karsan
(1969). Stable hysteresis is assumed for stress levels below the common
point curve, the ordinates of which are 0.75 times the ordinates of the
envelope curve.

Unloading paths are second degree parabolas. Reloading paths are bi-linear,
the change in slope occurring at the common point. For envelope strains less
than thrice the strain at maximum stress, the envelope, common point and
cracking strains for unloading and reloading are related by the expressions
provided by Karsan (1969). For larger strains, the reloading and unloading -
paths are parallel to those at thrice the strain at maximum stress.
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Fig. 5 Concrete Hysteresis Provided by Model 2 Compared with Test AC2-09,
Karson (1969)

The hysteresis provided by this model is compared to test AC2-09 reported by
Karsan (1969) in Fig.5. The strain history in the simulated response is
slightly changed from the test history to enable a direct comparison of the
actual and simulated energy dissipation during cycling.

SECTION HYSTERESIS

To investigate the reflection of material hysteresis on section response,
the moment-curvature hysteresis of column crossections tested by Aoyama
(1964), Wight (1973) and Ersoy (1976) were simulated by the finite-filament
technique. This technique, proposed by Aktan (1974), discretises the section
into filaments of different materials. The case studies and material hys-~
teresis data used to generate the analytical responses are summarized in
Table 1. ‘

TABLE 1. - MATERIAL HYSTERESIS DATA FOR ANALYTICAL SPCTION HYSTERESIS
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Aoyama column specimen A-2 (1964) with 27.5% of its balanced axial force was
selected for the first case study (Fig. 6). The strain hardening and
Bauschinger slopes of the steel model were the parameters that were different
in the two analytical responses. »

Test A-2, Aoyoma(1864) Moment (kip -in.) Test 40,147, Moment ( kip - in.)
— —-Anolyticol Response 1 8007 e Wight (1973)
........ i 500 I o _ = = Analyticol o
Analytical Response 2 500 y / -~ Response 1 0
vd
B ) N Analyticol 75
) 4l Response 2 601

4 i Curvature
C'urvo'turel(m' /m.|) (1630
L‘ 6 8 10 12 5
Fig. 6 Anclytical and Experimental Responses, Specimen A-2, i Fig. 7 Anaiytical ond Experimental Responses, Specimen
Aoyama (1964) (1kip-in.=1151 kgf -em, 1in.=2.54 cm) 40.147, Wight (1973) (1kip-in.= 1151 kgl -cm, 1in.=254cm)

In Fig. 7, the response of Wights specimen 40.147 (1973) is used to compare
the two analytical responses with the Bauschinger slope as the only variable.
This specimen was subjected to 45% of its balanced axial force. Both figures
demonstrate that the Bauschinger slope of the steel hysteresis model is a
significant variable, governing the response at the zero moment region. The
strain hardening slope affects the post yield response in the maximum moment
region.

Test A-3, Moment (kip -1in.)
Aoyame (1964) 7004 A

— — — Anatytical 600
Response 1

5004
....... Anatyticatl 7
Response 2 400

Curvature (10°/in.)
T U

4 6 B 1

Fig. 8 Anolyticol ond Experimentol Responses, Specimen
A-3, Aoyomna (1964)_
(1kip-in, =111 kgl-cm, 1in. =254 cm)
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The experimental and analytical responses of the Aoyama specimen A-3 (1964),
subjected to 50% of its balanced axial force, are presented in Fig.8. In
analytical response 2, the simpler concrete hysteresis model was used.
Furthermore, in this response, the Bauschinger slope of steel was assigned
the extreme value of the modulus of elasticity. Response at the zero moment
region does not appear to be as sensitive to this parameter as in the pre-
vious cases due to the increased axial force level. Furthermore, any advan-
tage of the more sophisticated concrete hysteresis in analytical response

1 is not apparent.

Test 1, Ersoy (1976)

120 we == Analyticol Response
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Fig. 3 Analyticol ond Experimentol Responses, Specimen 1, Ersoy (1976)
(tkip-in. = 1151 kgl-cm, 1in.=264em)
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Fig. 10 Anolyticol Responses , Specimen 1, Ersoy (1876) (1kip-in.= 1151 kgf -cm, 1in =254cm )

Ersoy specimen 1 (1976), with an axial force 83% of balanced was used to
compare the two concrete hysteresis models. First two cycles of the section
hysteresis in the positive moment-curvature region are compared to the
analytical response obtained with the more sophisticated concrete model 2
in Fig. 9. Section steel remained elastic during these cycles, enabling a
direct evaluation of the energy dissipation characteristics of the concrete
model. The responses obtained by the different concrete hysteresis models
are compared in Fig.10. The more idealized model does not result in energy
dissipation in the second cycle.
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CONCLUSTONS

Reinforced concrete column section response can be analytically generated
by the multi-linear steel model and the idealized concrete model 1 with
reasonabie accuracy. Use of the significantly more expensive concrete model
2 does not appear feasible unless axial force levels approaching the balan-
ced force are present.

The Bauschinger slope and the properties of the descending linear portion
of the concrete envelope curve were observed to be the parameters affecting
analytical simulation of the section response significantly.
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SUMMARY

A numerical model has been developed in order to predict the behaviour
of reinforced concrete members subjected to axial load and alternate bending.

Based on an accurate, but as far as possible simple, description of the

" constituent materials' hysteretic behaviour, the numerical procedure allows
the calculation, for any assigned history of curvature Y, under fixed axial
load N, of the corresponding flexural moment M and axial deformation €.

The model response, compared with available experimental results, has
been found to reproduce satisfactorily the important characteristics of the
inelastic hysteretic behaviour.

An extensive numerical investigation is in progress, the purpose of which
is to define the influence of the model's various parameters on the overall
behaviour and which it is felt should provide deeper insight into the meaning
of ductility for cyclically loaded deteriorating systems and into the parame-
ters influencing this ductility.

Finally a simple dynamic model is derived and its response to prescribed
accelerograms examined and commented.

RESUME

On développe une méthode numérique pour la description du comportement
des poutres en béton armé soumises 4 force axial et flexion alterne. La mé
thod se base sur une description précise, quolque la plus simple possible, du
comportement hystérétique des matériaux constituants et elle permet le calcul,
pour une hystoire donnde de la courbure X, sous une charge normale N fixée,
du moment flechissant M et de la deformation axiale €.

La réponse du modéle, comparée & des resultats d'expériences disponibles,
s'est révéleé capable de reproduir d'une fagon satisfaisante les caractéres
principanx du comportement inélastique hystérétique.

On développe maintenant une recherche numérique systématique, dont le
but est de définir 1'influence des nombreux paramétres du modéle sur le com-
portement d'ensemble, et qui devra fournir des informations sur la notion de
ductilitéd pour les systd@mes soumis & chargements cycliques avec endommage-
ment et sur les param@tres qui influencent cette ductilité.

On passe enfin & un modéle dynamique simple et on examine et on discute
la réponse a des accélérogrammes donnés.
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1. INTRODUCTION

The safety of structures in seismic zones depends primarily on the verti
cal elements; more generally, at least for relatively simple structures, the
type of the response can be considered as related to the time evolution of
the structural reaction of the columns.

Since it'is incorrect to assume that Structures should resist the stron-
gest earthquakes while remaining in the elastic range, it is important to ha
ve available an accurate representation of the non-elastic behaviour of the
elements which are subjected to axial force and cyclic bending.

This explains the large number of experiments which have recently been
dedicated to the study of the behaviour of r.c. members.

These studies have shown that this behaviour is strongly dependent on
the load path. Its main characteristics are a continuous variation of the
stiffness and a decrease in the value of the strength, which correspond to
a certain amount of deterioration. ,

Many authors have demonstrated that the seismic response of deteriora-
ting systems is much different from that of bilinear hysteretic systems even
when the models adopted to describe the former are rather simplified; moreo-
ver while the first aspect of deterioration (the stiffness degradation) has
received much more attention, the second (the strength deterioration) has
been taken into consideration only recently.

At the same time models have been developed which describe the behaviour.
. of r.c. members subjected to repeated loads. In some of these the force di-
splacement relationship is directly modelled through analytical laws and de-
terioration is controlled by certain parameters which are empirically related
to the physical causes of degradation; in others the force~displacement rela-
tionship is the result of the analysis of a section in which the time evolu-
tion of each layer is followed, on the basis of laws which appropriately de-
scribe, for steel and concrete, the behaviour of the two materials under cy-
clic strains.

The model proposed here belongs to this second category. Its general
characteristics are analized synthetically and the dependence of the beha-

viour on the principal parameters which define it, is put into evidence.

The model has shown itself able to reproduce, both qualitatively and
quantitatively, the main features of the behaviour of a r.c. element subjec~-
ted to repeated intense loads.

Thus it is possible to utilize this numerical tool for a sufficiently
extensive, yet economical, investigation of r.c. members with different me-
chanical characteristics, obtaining results which can complement those obtai
ned experimentally.

Based on the same hysteretic behaviour, a numerical model for studying
the dynamic response of simple r.c. structures has been also derived and te-
sted. Its relative simplicity is hoped to allow certain characteristics of
the response of realistic deteriorating systems to be evidenced, as result
of extensive numerical analyses.

2. MECHANICAL MODEL

A model is to be developed which will represent the behaviour of a r.c.
beam element subjected to compression and alternating bending.

Since attention is focused only on critical regions, a beam element of
limited dimension is considered, which has constant generalized stresses
(M,N) and strains (u/1, 6/1) as indicated in fig.la. According to these hy-
potheses the force-displacement relationship of the element can be obtained
from the analysis of the behaviour of a single section.

Under the usual assumptions of linear variation in strain across a sec-
tion and of no bond failure between concrete and steel, the use of the ap-
propriate o-¢ relationships for the two materials and equilibrium conditions

106



resolve the problem.

For the purpose of numerical analysis the beam section is discretized
into concrete and steel layers, as shown in fig.lb. The numerical procedure
follows an incremental formulation based on the displacement method; at each
step the incremental equilibrium equations are satisfied by an iterative pro
cess based on a modified secant method.

As for the constitutive relationships of the materials, sufficiently ac
curate laws are assumed. Care is taken to represent also phenomena connected
with the longitudinal dimension of the element which does not appear specifi-
cally in the model.

Concrete model

The uniaxial stress-strain relationship for concrete is described in
fig.2, 3. ‘
The main features of the relationship can be summarized as follows:

- The envelope curve is that suggested by Kent and Park (1971). It is as is
known a 'modified' relation which accounts for factors related to the lon-—
gitudinal dimension such as the ratio of the volume of the stirrups to the
volume of the concrete core. Three branches define the envelope curve: a
parabolic ascending branch, a linear falling branch, a horizontal branch.
This last indicates a residual stress which the confined concrete can offer
also for high values of strain in the range &, , ~€,, - For unconfined con-
crete the curve is interrupted either at the strain epr (a) or at the inter-
section of the falling linear branch with the zero stress axis (b).

- The cyclic behaviour is described by two distinct unloading and reloading
stiffness moduli, which are both a decreasing function of the maximum escur-
sion into the compressive plastic strain range. Since during the unloading
zero stress is reached (point 4), complete loss of stiffness is assumed (the
model therefore disregards the tensile strength of concrete). As loading re
verses at point 6 and moves back into the compressive strain range, elastic
stiffness is regained only after point A is passed and loading proceeds e-
lastically with a different modulus until reaching the envelope curve. The-
reafter the envelope curve is followed.

More detail can be found in Capecchi et al. (1979).

Reinforcing steel model

For the uniaxial o-€ relationship of the reinforcing steel, the expres-
sion suggested by Giuffré& and Pinto (1970) is used because of its advantages
with respect to the classic Ramberg-Osgood formula. In fact the equation

(1 - b)e*
(1 + ex)’®

o¥ = b g* +

explicitly expresses stresses as a function of strains and accounts simply
for workhardening through the slope parameter b. It also allows an accurate
representation of the reversal curves through the parameter R which can be
varied depending on the magnitude of the maximum excursion in the plastic
range (fig.4). .

A set of additional rules is needed for the application of the hyste-
resis law when a general strain history is given, in order to avoid the neces
sity of storing the parameters of all the reversal curves.

The simple set of rules suggested by Jennings (1968), which leads to the
definition of a minimum curve and a maximum curve, besides a skeleton curve,
is used here. It has proved to be sufficiently accurate in this case.

3. ANALYSIS OF THE MODEL BEHAVIOUR

The influence on the model behaviour of the various parameters which de-
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fine it will now be discussed, analizimg the model response to an imposed hi
story of cyclic deformations at fixed axial load, just as is done in an expe
rimental test. ’

6.

Typical M- diagrams obtained from numerical tests are presented in fig.
As can be noticed all the main aspects of the experimentally observed be-

haviour are reproduced.

1)

2)
3

In particular: ,
the reduction of stiffness with increasing amplitude of inelastic deforma
tion; -
the reduction of strength at fixed amplitude of deformation;
the dependence of the loop's shape on such parameters as the elastic modu
lus and the ultimate stress of the concrete, the volume of the stirrups,
the average compressive stress on the section, the percentage of the rein-
forcing steel.

On the basis of the limited number of numerical tests carried out until

now it is already possible to make some considerations about the influence
of certain parameters:

4o

Slope of the falling branch of the envelope curve of concrete. In Fig.7 re-
sults are presented which refer to two cases differing only in the slope of
the falling branch. Increasing slope produces larger deterioration effects:
in case (b) the continuous strength reduction during cycles produces colla-
pse, while in case (a) the loops tend to become stable.

Value of the average compressive stress (o,). In fig.8 three cases are pre
sented in which only 0, is varied (20+40+60 kg/cm®). The shape of the loop
modifies continuously and the element presents a less and less ductile be-
haviour. During cycles of variable amplitude collapse occurs at lower num-
ber of cycles, for increasing oOp,.

'Nominal' value of the ultimate strain of concrete €r. This value is in-
fluenced, as is known, by the distribution and the volume of the stirrups,
as well as by the mechanical material properties. An increase in the value
of this parameter improves the model behaviour in general, but it is deci-
sive only in the cases in which the deterioration is primarily related to
the breakage of the external layers, as occurs in the case of fig.9 in
which g,; assumes the values 12% (a), and 6% (b) respectively.

P-A effect.'In order to analize these effects reference is made to the sim-
ple column of fig.lc. The restoring force of this model has been simply de-
duced from the M-8 relationship, furnished by the presented model, under the
assumption that the deformation of the column is all concentrated in the cri
tical region (plastic hinge). For a section depth which is only 1/10 of the
height of the column, the diagram of the lateral restoring force versus ho-
rizontal displacement is presented in fig.10a. When the P-A effect is taken
into account the diagram is that of fig.10b.

The case of a very slender column is presented here in order to make the
phenomenon more evident. For less slender columns the geometric effect ig
less marked but the danger of its coupling with the physical deterioration

SEISMIC RESPONSE OF A SIMPLE STRUCTURAL MODEL

Although much more numerical work is to be done for a better understan-

ding of the mechanical behaviour of the r.c. beam element, it has seemed
worthwhile to start, at the same time, an investigation of the dynamic respon
se, under seismic actions, of a simple structure (fig.5).

The restoring force-displacement relationship f(x) for the structure can

be derived again from the M-8 relationship considering the column deformation
as concentrated at the column's ends. ' ‘

The equation of motion can be written:
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o ° 1 _ g _ =
X + 2V X + — f(x) R o = %

where V is the fraction of linear viscous damping, U, the 'nominal' circular
frequency of the structural model, f£(x) the restoring force, B=N/mg a coeffi-
cient which accounts for geometric effects. In order to test the dynamic mo-
del two recorded accelerograms have been considered (fig.11l):

Excitation 1 Forgaria-Cornino 15.9.76, NS (Friuli) Exc.l
Excitation 2 Taft 21.07.52, N 69 W Exc.2

The response of some of these first tests is presented here. In fig.l2
three structural cases are considered in which the columns' height and depth
and the percentage of reinforcing steel, are held constant, while the mass
(and consequently the average compressive stress ) and the slope E,/E; of
the falling branch of the envelope curve of concrete are changed. The typi-
cal response is described through the time history of the displacement and
the cyclic diagram of the restoring force.

The two responses (a) and (b) are substantlally dlfferent and in. partl
cular collapse occurs in the latter while in the former stable hysteretlc
loops are obtained. In case (c) a high degree of deterioration is reached
even though collapse does not occur. In fig.13 the numerical response of the
‘structural model under excitation 2 is presented. The P-A effect (story
helght 4 m, section depth 0.25 m) is considered, or not considered, respecti
vely in case (b) and (a). After an almost identical 1n1t1a1 behaviour case
- (b) is shown to diverge rapidly, up to collapse.

CONCLUDING REMARKS

It is obviously difficult to draw complete conclusions from the analy-
ses carried out so far. Much more numerical work is needed in this direction.
Is is useful here to point out again that the principal aim of this
work is not so much to improve and better define a physical model (especial-

ly from the quantitative point of view), as to use the model itself as an
investigative tool. In fact the proposed model is capable of accurately re-
presenting the behaviour of r.c. elements, while at the same time beeing re-
latively simple to use. This simplicity is also due to the limited number of
easily controlled parameters, with clear physical meaning, on which the mo-
del's behaviour depends.

Thus it is expected that extensive numerical tests will provide more in
formation about the real behaviour, under repeated loads, of r.c. elements
and will also lead to a better understanding of their ductility characteri-
stiecs.

As for the dynamic analyses, it is expected that certain problems, which
arise in the study of structures whose collapse, strongly history-dependent,
is not easily definable with a single overall control parameters, such as duc
tility, will be clarified.
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DUCTILITE DE POTEAUX EN FLEXION COMPOSEE SOUS CHARGES ALTERNEES

Michel KAVYRCHINE Alain GRELAT
C.E.B.T.P. - Service d'Etude des Structures C.E.B.T.P. - Service d'Etude des Structures
Saint-Remy-lés-Chevreuse, France Saint-Remy-lés-Chevreuse, France

RESUME

Des poteaux en béton armé, de 200 x 250 mm de section, ont été essayés sous
charge normale constante, (avec deux niveaux de charge) sous dix cycles de
flexion alternée, suivie par une rupture finale 2 vitesse de déformation
contrdlée. Tls avaient la méme armature longitudinale et des cadres d'es—
pacement et d'épaisseur de recouvrement différents.

Lorsque le rapport de la force maximale exercée & chaque cycle & la force
maximale de l'essai de rupture ne depassalt pas 0,9, on a obtenu aprés un
premier cycle ou l'energle depensee était plus importante, une stabilisation
relative de 1'énergie dépensée a chaque cycle. L' augmentatlon de 1! espacement
des cadres a favorisé, pour une contralnte de compre581on relativement élevée
une rupture finale par le béton avec une énergie de rupture plus faible que
dans les autres cas.

SUMMARY

Columng in reinforced concrete, with a section of 200 x 250 mm have been
tested under a constant normal force (with two levels of force), under ten
cycles of alternate flexion followed: by a final failure at a controled
speed of deformation. They had the same longitudinal reinforcement, and
links of different spacing and concrete covering.

When the ratio of the maximum force in a cycle to the maximum force at fai-
lure test was not higher than 0,9, after a first cycle of higher energy,

a relative stabilisation of cycle energy was obtained. A higher spacing of
links induced, for a relatively high compressive stress, a final failure
by the concrete, with a failure energy lesser than in the other cases.
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1 = INTRODUCTION

Des travaux faits au Service d'Etude des Structures du C.E.B.T.P. & Saint—
Rémy-1&s—Chevreuse (voir Kavyrchine (1977) et (1978) Jont porté sur 1'étude
de poutres en b&ton armé sous sollicitations dynamique ou statique en
flexion simple au-deld de la sollicitation ultime. Les essais présentés
dans la présente Communication {financés conjointement par la Direction
des Affaires Economiques et Internationales au Ministére de 1'Equipement
et par 1'Union Technique Interprofessionnelle du Batiment et des Travaux
Publics) introduisent en plus 1'effet d'une force de compression longitu-~
dinale et 1l'effet de cycles de flexion alternde.

2 - DESCRIPTION DES CORPS D'EPREUVE

Chacun des poteaux essayés avait pour dimensions 200 mm de large,

250 mm de haut, 2700 mm de long, avec deux axes transversaux d'appui
espacés de 2500 mm. Ils &taient tous armds longitudinalement par 4 aciers
Tor de 14 mm de diamdtre. L'armature transversale &tait formée de cadres
en acier doux de 6 mm de diamétre, d'espacement varisble (50,100 ou 150mm)
Une partie des pifces essayfes avait un recouvrement normal d'environ

25 mm {les aciers longitudinaux &taient alors placés 4 des entr'axes de
130 par 180 mm) et une autre partie avait des cadres affleurant la surface
du béton (les aciers longitudinaux &taient alors placés & des distances
entre axes de 170 et 220 mm) (voir figure 2).

Le tableau 1 ci-dessous donne les principales caractéristiques de leur
ferraillage, la résistance et le module d'Young mesurés sur cylindre au
Jour de l'essai, 1'Age du béton au jour de l'essai.

TABLEAU 1
Corps d'épreuve | Recouvrement |Espacement | Résistance | Module Age
béton cadres béton d'Young | & %'essai

mm MPa. MPs, jours

w KT 1 normal 50 32,3 35,3 28
KT 2 | normal 50 32,9 35,9 31

38 39,3 L6

KT 3 nul 50 34,7 37,k 37

KT _ nul 50 32,5 37,3 36

KT 5 normal 150 32,4 36,0 32

KT 6 normal 150 31,2 38,5 28

KT 7 nul 150 27,5 35,6 - 28

KT 8 nul 150 22,7 33,8 29

KT 9 nul 100 23,6 33,5 29
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Des corps d'épreuve de méme section et méme armature gue les poteaux de
600 mm de long ont été réalisés avec un béton de méme qualité que celui

des poteaux, pour des essais de compression simple, 3 vitesse de déforma-
tion constante (environ 1000.1076 par minute).

3 - METHODE D'ESSAI

Le montage d'essai est représenté sur la figure 1.

Aprds la mise en place de la poutre, on appliquait la force normale hori-
zontale, dont 1'intensité (mesurée & l'aide d'un dynemomdtre) était mainte-
nue constante pendant la suite de 1'essai. Deux niveaux de charge normale
ont &t2 ainsi réalisés : L0 KN et 221 KN (soit 8,8 MPa et U4,k MPa de
compression). On réalisait ensuite dix cycles de chargement alternés entre
deux forces limites de sens opposé et égales.en valeur absolue. La valeur
de la force transversale maximum Pc de chague cycle représentait une
fraction importante de la charge transversale ultime pouvant etre supportée
par la pidce (voir tableau 3).

Aprds la réalisation des dix cycles 5 forces maximales limitées, on procé-
dait 3 un chargement de déformation contrdlée jusqu'd 1'épuisement complet
de la résistance de la piéce.

La fldche au milieu de la poutre &tait enregistrée en continu en fonction
de la charge, directement sur table tracante, pendant 1'essai. Plusieurs
f13ches, rotations, déformations locales des armatures et du béton, étaient
en outre mesurdes a chaque étape de chargement.

i — RESULTATS DES ESSAIS

La courbe charge fléche enregistrée pendant 1'essal montrait une stabilisa-
tion des cycles; aprés le premier cycle, qui était plus large que les autres,
montrant une dépensé d'énergie initiale plus forte, les cycles n°® 2 & 10
4taient &troits et presque superposables, (voir figure 3). Des fissures

de flexion apparaissaient au cours du premier cycle, et sfouvraient au

cours des cycles successifs, sans modification notable de leur aspect.

Le tableau 2 montre l'évolution de 1'énergie dépensée dans un cycle et
de la déformation totale mesurée entre chacune des positions extremes de
la pidce. La dernidre colonne donne le rapport entre la charge maximum

appliquée & chaque cycle et la charge maximum atteinte lors de 1'essai de
rupture.

Le cas de la pidce KT 8 est particulier : la résistance ultime a &té prati-
quement atteinte au cours du premier cycle, oi la courbe de montée en charge
montre un palier horizontal sous la charge maximum Pc. L'énergie dépensée

au cours des différents cycles est donc nettement plus importante que pour
les autres piéces et ne se stabilise pas.

On peut constater,sur le tableau 2 que la surface du premier cycle corres—
pondant & 1'ouverture des fissures des deux cbtés de la poutre fléchie est
nettement plus grand que pour les cycles suivants, ol 1l'énergie dépensée ne
déeroit que lentement. L'énergie dépensée au cours du premier cycle est elle-
méme assez Ffaible pour les pidces KT 2 et KT 5 oll le rapport Pc/Pu est d'en-
viron 2/3. De menidre générale, on note une tendance 3 1'accroissement de
1'énergie dépensée au cours d'un cycle et de 1'amplitude de la déformation
en fonction du rapport Pc/Pu.

L'amplitude de la déformation croit lentement et progressivement avec les

cycles.
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énergie par cycle (joules)

TABLEAU 2 amplitude cycle (mm)
N° du cycle 1 2 3 6 10 Pc/Pu

KT 1 630 joules| 150 130 110 110 0,81
14,8 mm [15,7 15,7 16,8 17,3

KT 2 130 110 70 70 © 60 0,63
8,7 11,1 10,7 10,7 11,0

KT 3 430 210 220 210 210 0,92
18,8 18,0 20,0 20,5 21,8
KT U4 480 190 160 150 130

13,2 13,7 13,8 14,6 14,9 0,76

KT 5 150 110 90 90 80 0,66
9,3 9,8 9,8 10,3 10,7

KT 6 310 150 | 120 110 90 0.8l
14,0 15,0 15,k 16 16,5

KT 7 420 2ko 220 200 190 0,78
15,0 15,3 15,6 16,5 16,8

KT 8 1020 560 Tho 640 710 1,00
26,6 27,0 26,5 31,1 32,7

KT 9 570 390 330 320 330 0.82
17,3 18,3 19,0 20,5 21,7

Au cours de 1'essai de rupture final, les fissures existantes se dévelop-
paient, de nouvelles fissures apparaissaient. Le forme de la rupture et de
la courbe charge fl8che de cet essai final, poussé jusqu'ad destruction

de la forcc portante de la poutre, dépendaient de la constitution de la
piéce, comme indiqué plus loin.

Les courbes fldche charge,d rupbure,sont donndes sur les figures 4,5,6 et 7.

Le tableau 3 ci-dessous rappelle les valeurs des forces appliquées au cours
de chaque essai, et donne la forme de la rupture ainsi que 1'énergie. totale
de destruction de la pidce, calculée d'aprés le travail accompli par la
force transversale (aire sous la courbe charge fl&che).

La figure 8 donne des photos de rupture par les aciers (KT 3) et le béton
(KT 5).
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TABLEAU 3

Corps Force normale Force trangversale [Mode de |Energie Qe
d'épreuve N ~_maximum rupture | destruction

K Newtons cycle Be a rupture finale Jjoule

Pu

KN KN
KT 1 221 79 98 acier 4800
KT 2 Wl 79 125 acier 5100
KT 3 221 99 108 acier 4500
KT k L1 99 131 acier 6100
KT 5 Ll 79 120 béton 3400
KT 6 221 78 93 acier 5400
KT 7 Ll 98 125 béton 3800
KT 8 221 98 98 acier #H 400

béton

KT 9 Lk 98 120 waton 4300

L'influence de 1'espacement des cadres est nette, dans le cas de la force
de compression la plus &levée, en ce qui concerne le mode de rupture final
(obtenu par le béton uniquement pour les espacements les plus &levés) et en
ce qui concerne l'énergie de destruction. Cette dernidre est d'environ

5600 joules pour N = LL1 KN et des cadres serrds & 50 mm et de 3600 joules
pour N = 441 KN, et des cadres espacés de 150 mm. Pour des cadres espacds

de 100 mm les résultats sont proches de ceux obtenus avec des cadres espacés
de 150 mm(mais la résistance du béton est relativement faible dans ce cas).

Pour la force de compression la plus faible, 1'influence des cadres apparait
dans la forme de la courbe charge fléche, mais la rupture des aciers inter-
venant trop t6t pour que 1'énergie de destruction soit importante Dans le
cas des cadres serrés on peut se référer § d'autres essais pour constaber
1'effet des armatures transversales : dans Kavyrchine (1978), on trouversa
prages 109 et 110 l'aspect aprés rupture, et les courbes fldche charge de
deux poutres de 15 x 24 cm armées de 2 Tor 16 mm longitudinaux, 1'une avec
des cadres espacés de 10 cm dans un cas et 1'autre sans cadres : 1'énergie
de destruction est plus faible quand il n'y s pas de cadres.

Les courbes déformation contrainte de deux prismes de référence KT 13 et
KT 17 sont donnfes sur la figure 9. Resserrer les armatures transversales
augmente le raccourcissement ultime (le sommet de la courbe passe de 2.2

4 2.3.1073 3 3.2 ou 3.8.10"3 mais surtout la branche descendante est for-
tement relevée : pour les prismes sans enrobage, on passe pour 14,7 MPa
(soit approximativement la moitié de la contrainte de rupture), de 7.5.1073
4 22.5.1073. Des résultats analogues ont &té obtenus sur des cylindres
armés de cerces (voir Kavyrchine (1978), figure 10, page 104).
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La modification proposée par Kent et Park, pour la courbe . contrainte-
déformation du béton en fonction de la présence d'armatures transversa—

les (voir Park et Paulay 1975, page 28) nous donne pour les prismes sans
enrobage et pour une contrainte moitié de la contrainte de rupture, un
raccourcissement du bdton égal & 6.9.1073 pour les cadres espacés de 150 mm
et 13.6.10-3 pour les cadres & 50 mm; dans notre cas, ces valeurs th&oriques
sont donc conservatrices.

5 — CONCLUSION

Les essais en flexion composée sur des poteaux en béton armé, avec divers
espacements de cadres et divers recouvrements de béton sur la cage d'arma-
tures, ont mis en &vidence 1l'influence de 1l'espacement des cadres sur la
forme de la rupture finale et sur la courbe charge fléche au-deld du moment
résistant maximum.

La destruction par épuisement de la résistance du bdton en compression a &té
obtenue pour la compression la plus &levée et des espacements de cadres de
100 ou 150 mm. Les valeurs les plus basses de destruction totale correspon-
dant & des espacements de 150 mm combinés avec la compression la plus Elevée.

Au cours des dix cycles successifs de chargement faits au début de chaque
essai, on a constaté une fissuration sur les deux cdtés tendus successive-
ment par la flexion,avec une dépense d'énergie d'autant plus importante que
la sollicitation était &levée au cours du premier cycle. La fissuration
n'évoluait pratiquement plus au cours des neuf cycles sulvants, pendant
lesquels 1'amplitude de la déformation croissait lentement; 1'€nergie déperi-
sée & chaque cycle avait une valeur nettement plus faible que celle du pre-
mier cycle, pour une force appliquée égale & 80 % environ de la force ultime,
et elle décroissait lentement avec le nombre de cycles. Nous n'avons eu de
dégradation importante par des cycles successifs que si la force appliquée

3 chaque fois était voisine de la force ultime.
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Fig.8 - Photos de rupture (KT 3 et KT 5)
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SUMMARY

This paper describes the experimental and analytical results carried
out to investigate the influence of changing axial force on the restoring
force characteristics of reinforced concrete columns. Test specimens are
20cm x 20cm cross section, 180cm simple span and 1% ratio of tensile rein-
forcement. Each specimen is tested under tow-point loading and subjected to
pure bending moment and axial force in the test length. Parameters are the
loading paths of lateral load and axial force. The moment—curvature re-
lation in the test length is analyzed using the results of the bond tests
which are carried out about specimens of the same cross section of foregoing
bending test specimens. The restoring force characteristics of reinforced
concrete columns are much influenced by changing axial force working
columns, and the results of analysis in consideration of the bond between
concrete and tensile reinforcement agree with the results of the bending
tests very well.

SOMMAIRE

Ftude de résistance & la flexion de colonnes en béton armé soumis a une
charge axiale changeante Ce texte se charge de décrire les résusltats d'ana-
lyse et d'expériences poursuivies dans le but de connaftre 1'importance de
1'influence d'une force axiale changeante sur les caractéristiques de force
restitutive sur des colonnes en béton armé. Les échantillons utilisés pour
les essais sont des sectioncroisées de 20 x 20 cm d'une envergure de 180 cm
et possédant un rapport de 1 % de renforcement 3 la traction. Chaque
dchantilion est soumis d un essal sous une charge appliquée & deux endroits
et soumis & un moment de torsion simple et une force axiale au cours de
1'essai en longueur. Les parametres représentent les passages de charge du
moment de torsion et de la force axiale. Le rapport du moment de courbure
au cours de 1'essai en longueur est analysé en utilisant les résultats des
essais de flexion qui sont efféctués sur des échantillons possédant une
coupe croisée identique des échantillons utilisés pour les essais mentionnés
précédemment. Les caractéristiques de force restitutive des colonnes en
béton armé sont notamment influencées par le changement de la force axiale
travaillant sur chanque colonne. Les résultats de 1l'analyse tenant compte
de la flexion entre le béton et le renforcement & la tension sont conformes
aux résultats de résistance a lz flexion.
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INTRODUCTION

The restoring force characteristics of reinforced concrete columns are
influenced by magnitude of axial force. During an earthquake, not only
lateral force but also axial force of columns changes every moment. How-
ever, experimental data of the influence of changing axial force on the
restoring force characteristics are few. This paper describes the experi-
mental and analytical results carried out to invegtigate the influence of
changing axial force on the yield moment, on the maximum moment and on the
moment-curvature relationship of reinforced conerete columns.

"BENDING TESTS SET-UP

The proportions and reinforcement details of bending tests are shown
in Fig.l. Test specimens consist of 11 specimens_of 20cm x 20em cross
section, 180cm simple span. Tensile and compressive reinforcements con-
sist of 3 deformed bars, respectively. They are 13 mm in diameter and have
the lateral lugs. The load paths of the lateral load (P) and axial force
(N) of specimens are shown in Fig.2. 5 specimeng are tested under
loading condition of constant axisl force and increasing lateral load. 5
specimens are tested under loading condition that axial force and lateral
load increase or decrease by turns. One is tested under loading condition
that axial force and lateral load increase or decrease at the same time.

The loading arrangement is shown in Fig.3. FEash specimen is tested
under two-point loading and subjected to pure bending moment and axial
force in the test length of 65cm between loading points. The measuring
arrangement of deflection by dial gages is shown in Fig.h.

The average moment (M) in the test length is calculated from the sum
of P x LOem and N x S, where § ig the average deflection in the test length
measured by dial gages from No.3 to No.9. The gverage curvature in the
test length is calculated from deflection measured by dial gages No.3,

No.6 and No.9. '
The mechanical properties of materials are shown in Table 1.

RESULTS OF BENDING TESTS

The relationships between average moment and average curvature of
specimens N-00.02-V, N-0L.00-V and N-00.02-VY are shown in Fig.5, Fig.6
and Fig.7, respectively. When axial force increases under constant lateral
load, curvature decreases a little. And then lateral load increases under
the constant axial force, relationship between moment and curvature draws
toward that of the specimen tested under loading condition of the constant
axial force and increasing only lateral load. When axial force decreases
under constant lateral load, curvature increases according to decreasing of
axial force and comes up to the curvature of the specimen tested under the
constant axial force. The yield moment is not influenced by load paths if
the axial force is the same when the yielding of tensile reinforcement
ocecurs.

ANALYSIS (1) (NO CONSIDERATION OF THE BOND)

In this analysis of bending test results, it is assumed that the
section remains plane after deformation.

The models of the stress-strain relationship of reinforcement and
concrete used in analysis (1) are shown in Fig.8 and Fig.9. The analyti-
cal results of specimens N-00.02-V, N-0k.00-V and N-00.02-VY are shown in
Fig.10, Fig.1ll and Fig.l2, respectively.
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Several interesting points are pointed out in the results of analysis
(1). After cracking, the curvature obtained by analysis (1) is greater
than that of the experiments. When axial force increases under constant
lateral load, the curvature decreases and comes up to the curvature of the
specimen under loading condition of the constant axial force and increasing
only lateral load. The results of analysis (1) do not agree with the ex-
perimental results on these points so well. When axial force decreases
under constant lateral load, the results of analysis (1) agree with the ex-
perimental results. However, when bending moment decreases under constant
axial force, the relationships between moment and curvature are linear.

In analysis (1), we consider that concrete can not bear the tensile
stress after cracking and that bending cracks occur in all tensile zone.
In actual facts, however, bending cracks occur at intervals and concrete
between cracks works through the bond between reinforcement and concrete.
For this reason, the results obtained by analysis (1) do not agree with
that of experiments so well.

RESULTS OF BOND TESTS

In order to investigate behavior of concrete between cracks through
the bond between reinforcement and concrete, bond tests were carried out
under loading condition of repeated axial compression and tension. The
proportions and reinforcement details are shown in Fig.13. The cross
section is the same of the specimens of foregoing bending tests.

The mecanical properties of materials are shown in Table 2.

The relationship between the axial force and the axial strain obtained
by one of bond tests is shown in Fig.llk The dot-dash line in Fig.ll is the
relationship between axial force and axial strain of reinforcement, and the
dotted line in Fig.lh is relationship between axial force and axial strain
of concrete. The remains, which are obtained by taking the forces of rein-
forcement and concrete from the total force of test result, are shown in
Fig.15. These curves can be regarded as the relationship between strain
and force which is depends on concrete between cracks through the bond be-
tween reinforcement and concrete.

The idearization of the relationship between force depending on bond
and strain is shown in Fig.16.

ANALYSTS (2) (IN CONSIDERATION OF THE BOND)

In this analysis, it is assumed that the force depending on the bond
shown in Fig.l6 works on the section at the position of the reinforcement
besides the forces depending on concrete and on reinforcement shown in Fig.
8 and Fig. 9.

The analytical results of the specimen N-00.02-V, N-0L.00-V and N-
00.02-VY are shown in Fig.l7, Fig.18 and Fig.19, respectively. And the ex-
amples of the comparison of the analytical results with the experimental
results are shown in Fig.20 and TFig.2l. .

In respect of the curvature after bending cracking, the results of the
analysis (2) agree with those of the bending tests better than the analysis
(1). And when axial force increases under constant lateral load, the
curvature obtained by analysis (2) decreases a little and agrees with the
result of bending test better than that of analysis (1). When the lateral
load decreases or increases under constant axial force, the relationship
between moment and curvature obtained by the analysis (2) agrees with that
of bending test better than that obtained by the analysis (1).
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CONCLUSIONS

The results of the experimental tests and analyses are as follows;

(1) The yield moment is not influenced by load paths if the axial force is
the same when the yielding of tensile reinforcement occurs.

(2) When axial force increases under constant lateral load, curvature de-
creases a little. And when lateral load increases under the constant axial
force, the relationship between moment and curvature draws towards that of
the specimen tested under loading condition of the constant axial force and
increasing only lateral load.

(3) When axial force decreases under constant lateral load, curvature in-
creases according to decreasing of axial force and comes up to the curvature
of the specimen tested under the constant axial force.

(4) Concrete between cracks works through the bond between concrete and re-
inforcement, and the force in apearance depending on the bond can be modi-
fied as shown in Fig.16.

(5} Analysis in consideration of the bond between concrete and rein-
forcement agrees with the experimental results very well.

This paper describes a method of analysis in consideration of the bond
betweern concrete and reinforcement and shows that the results of this analy-
sis agree with the experimental results very well. Therefore, additional
studies are necessary to apply this analytical method to columns which are
subject to shear force, bending moment and axial force at the same time.
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Table 1 Mechanical properties of
materials used in bending tests

Table 2 Mechanical properties of
materials used in bond tests

Steel Bar Steel Bar
- sO0y sOmax |Elongation s0y sOmax |Elongation
(kg/cm?) | (kg/cm®) | (%) (kg/cm?) | (kg/em®)| (2 )
D13 3,820 5,570 25.6 D13 4,230 6,443 27.7
6¢ 3,950 4,390 27.2 69 3,820 4,400 27.8
Concrete Concrete
<B cEB cE 1 cOt cUB cEB cE cOt
(kg/cm®) | ( x107%) | (kg/cm?®) | (kg/cm®) (kg/cm?) | ( x107°) | (kg/cm?) | (kg/cm?)
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THE INFLUENCE OF AXIAL LOAD ON THE RESPONSE OF COLUMNS UNDER
BIDIRECTIONAL LOADINGS

H. RAMIREZ J.0. JIRSA
The University of Texas at Austin The University of Texas at Austin
Texas, U.S.A. Texas, U.S.A.
SUMMARY

The purpose of this investigation was to examine experimentally the
influence of axial load on the behavior of reinforced concrete short
columns under bidirectional cyclic lateral deformatioms.

L'objet de ce programme de recherche a été da'examiner 1' 1nf1uence
d'une force axiale sur le compor tement de colonnes courte soumisses a

deformationscycliques bi- latérales.

INTRODUCTION

It has been shown in previous analytical studies [1,2,3] that the
response of a structure to ground motion may be adversely influenced if
lateral motion in both orthogonal directions is considered. Experimental
data are needed in order to incorporate the effect of multidirectional
forces in the analysis and design of R/C buildings for earthquakes. Some
experimental work has been reported [4,5] on R/C members subjected to
cyclic biaxial bending in which flexural failures were produced. While
flexural deformations are preferable in any structure subjected to large
earthquake ground motions, it is not always possible to proportion the mem-
bers to ensure such behavior. The examination of the influence of bidirec-
tional lateral loading histories on short columns failing in shear has been
reported [6] for series of tests in which the specimen geometry was constant,
no axialload was imposed and the only variable was the lateral history. The
purpose of this study is to extend the previous work and to examine experi-
mentally the influence of axial loads on short columns under cyclic lateral
deformations. 1In all the tests, the specimen geometry is the same as in the
previous work [6]. Two basic lateral deformation histories are used in com-
bination with different levels of axial tension and compression as well as
alternate application of both. Future work is planned on specimens with
different geometry.

Test Specimen

The test specimen is shown in Fig. 1. The test specimen is considered
to be a short column framing into rigid floors which are simulated by large
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end blocks. The longitudinal reinforcement consists of eight 19 mm bars
with 90° hooks anchored in the end blocks. Transverse reinforcement is
fabricated from 6 mm deformed bars spaced at 65 mm and designed with the
criterion of dealing with a column that might not perform satisfactorily
under the imposed loads, but representing typical practice in column design.
The nominal yield strength of the reinforcement is 420 MPa. The nominal
strength of the concrete is 35 MPa. '

Test Setup

A schematic elevation view of the test setup is shown in Fig. 2 (simi-
lar arrangement in the orthogonal direction). The lateral loads are
applied with 670 kN servo-controlled actuators and the vertical load with a
1330 kN servo-controlled actuator. Three paired positioning actuators are
used to control the rotation of the top end in each plane. The loading
frame and hydraulic loading system are anchored to the floor-wall reaction
system built at The University of Texas at Austin. Details on the charac-
teristics and operation of the loading apparatus are described in Ref. 7.

Lateral Deformation Histories

Two basic lateral deformation histories are used. History U, with
cyclic lateral deformations in only one direction, is shown in Fig. 3. His-
tory B, with alternate cyclic lateral deformations in both orthogonal direc-
tions, is shown in Fig. 4. Three cycles at each peak lateral deformation
level of one, two, three, and four times an initial value are considered:

a total of twelve continuous cycles for History U and twenty-four cycles,
groups of three cycles at each level in each direction, for History B. The
value for the initial deformation is used as 5 mm, representing approximately
the displacement producing yield in the main tension reinforcement when no
axial load is present.

Axial Load Variations and Test Schedule

Axial load variations are selected with the intention to develop basic
information that might be useful for further experimental studies. In order
to study the effect of constant compression, constant tension and alternate
tension and compression, axial loads are held constant in some tests and
variable in others. Because no data have been reported regarding cyclic
lateral loads in combination with axial tension, three levels of axial ten-
sion are included and only one of compression. The upper limit for tension
axial force is represented by the force required to produce yield in the
vertical reinforcing bars. Regardless of the fact that this case may not be
realistic, it is considered because it represents a point of reference. The
other two levels of temsion correspond to one-fourth and one-half of that
upper limit. The level of axial compression used produced an average stress
based in the core area of 8.4 MPa. The complete test schedule for the study
is listed in Table 1. Tests 1 to 5 form a group in which the effect of the
axial load level is varied and only the loading history U is used. In a
more limited way, tests 7 to 9 form a similar group when History B is con-
sidered. 1In the last two tests, alternate application of axial loads is
studied. Test ATC-U is included to simulate loads induced by an earthquake
on an exterior column in which tension alternating with compression occurs
in the first stage of the event where afterwards only compression is present.
This may be the case arising in a reinforced concrete frame building with
stiff but low-strength filler walls. The application sequence of axial force
in relation with the History U is shown in Fig. 5. Test ATC-B is included to
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simulate loads induced by an earthquake on an exterior column of a slender
R/C building in which tension alternating with compression occurs for
deformations in one direction, and only compression for deformations in the
orthogonal direction. The sequence of application of axial force in rela-
tion to History B is shown in Fig. 6. :

DESCRIPTION OF TEST RESULTS

Lateral loads, as well as loads in the positioning actuators, are
monitored. Lateral translations of the top end block and vertical dis-
placements of top and bottom end blocks are measured. Strains in the trans-
verse and longitudinal reinforcement are measured at the locations indicated
in Fig. 1. Crack patterns are marked at all load stages. Lateral displace-
ments are not large enough to cause an increase in moment due to eccentric-
ity of column load.

A qualitative analysis is performed based on comparisons of the data
from different tests. It includes a study of the effect of constant com-
pression, constant tension, and alternate application of both. Envelopes
of peak normalized shear are used to summarize behavior. The envelopes are
the curves uniting peak values in the hysteretic curves, test 00-U is
shown in Fig. 7.

Tnfluence of Compression

Fig, 8 compares the peak normalized shear, V/A V@T (V in kN, A =
0.0625 m%, and £’/ in Pa), envelopes for first and ldst geaks in the forth
direction for teSts 00-U, 00-B, 120C-U, and 120C-B. In this figure the
monotonic curve is also shown for comparisonm. Note that the behavior of
00-U is approximately the same as for monotonic loading. In 120C-U and
120C-B, applied shear first increases for levels of deformation up to 2A,
and after that a high rate of shear deterioration is exhibited. The effect
of lateral alternate deformations in the orthogonal direction is reflected
by a more drastic shear deterioration after the 2A, level. Figure 9 com-
pares the progressive strain in a tie for test 00-0 and 120¢-U. 1In 00-U,
the tie remains below the yield, while a similar tie in 120C-U reaches
yield at ZAi level.

Influence of Tension

In Fig. 10, the envelopes of first and last peaks of normalized shear
for tests with constant tension and History U are presented. The required
shear to attain certain deformation decreases as the level of tension
increases but less shear deterioration is observed. Figure 11 shows the
progressive strain in a tie for the same tests. This figure shows that the
required level of lateral deformation to produce yield in the tie increases
as the level of tension increases. Comparing envelopes of shear in the
north direction (Fig. 12) of tests 50T-B, 00-B, and 120C-B shows that the
presence of tension reduces the shear deterioration when alternate lateral
(bidirectional) deformations are imposed. ’

Influence of Alternating Tension and Compression

The first and last peaks for tests ATC-U are compared with those of
tests 120C-U and 100T-U in Fig. 13. For peaks to the north at Ai level in
which tension is applied, both applied shear and stiffness reduce more than
that observed in 100T-U (constant 1evel of tension instead of alternate).
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However, for higher levels of deformation, in which compression is applied,
the behavior of ATC-U approximates that of 120C-U. For peaks to the south,
ATC-U approximates the behavior of 120C-U for all deflection levels.

Figure 14 shows the envelopes in the NS direction of loading for test
ATC-B as compared with 50T-B and 120C-B. Peaks to the north show similar
behavior but lower strength in relation to 50T-B (same level of tension
applied in different sequence). This is due to the mode of application of
tension and the presence of compression in the orthogonal direction in
ATC-B. For peaks to the south, test ATC-B shows similar behavior to 120C-B
but less shear deterioration is noted. :

CONCLUSTONS

Based on the data presented here, the following general trends were
chserved.

1. The level and mode of application of axial loads affects the behavior.
The amount of transverse reinforcement was not sufficient to permit
flexural failures in any of the specimens tested. However, it was
effective in providing some confinement.

2. Constant compression accelerated shear deterioration. Constant tension
decreased shear deterioration but at the same time substantially
reduced the shear capacity and the stiffness.

3. The application of tension alternating with compression influences the
response mainly at the peaks where the tension is present.

4, The response appears to be governed by the confining action of the
ties. The efficiency of the ties to confine the core decreases with
compressive axial load, with the number of cycles at a deformation
level and with the presence of lateral deformations in the perpendicu-
lar direction.
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TABLE 1 TEST SCHEDULE
£/ Axial Load
Lateral c

No Mark History (MPa) Mode Level

1 120C-U U 31 Constant Compression 530 kN (120 K)

2 00-U U 34 No axial load Zero

3 50T-U U 35 Constant Tension 220 kN(50 K) 1/4 Yield

4 100T-U U 39 Constant Tension 445 kN(100 K) 1/2 Yield

5 200T-U U 40 Constant Tension 890 kN(200 K) Yield Level

6 120C-B B 41 Constant Compression 530 kN (120 K)

7 00-B B 41 No Axial Load Zero

8 50T-B B 32 Constant Tension 220 kN (50 K)

445 kN(100 K) Tension

9 ATC-U v 32 Alternate 530 kN (120K) Compression

220 kN (50 K) Tension
10 ATC-B B 34 Alternate 530 kN(120 K) Compression
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SUMMARY

This study was planned as the first fundamental step to make clear
the inelastic behavior of reinforced concrete columns subjected to bi-
directional horizontal forces and axial force. This paper deals with static
tests of twenty-six specimens subjected to bi-axial bending moments and
with analysis of the test results.

In the experiments, loading and measuring arrangements were newly
developed, by which two bending moments about two axes were applied
independently. By the experiments, moment-curvature hysteretic relations
of reinforced concrete sections subjected to bi-axial bending moments were
obtained. The experimental results were followed by sectional analysis.

In the analysis, cross sections were partitioned into small elements.
Tt was assumed that each element was uni-axially stressed and that
Bernoulli's principle could be applied. In this analysis, uni-axial non-
stationary stress-strain hysteresis rules of concrete and reinforcing bar
were postulated according to recent experimental studies on them.
Experimental and analytical results coincide quite well.

RESUME

C'est une étude qui a été réglée dans une premiere pas pour faire la
rechérche sur le condition inélastique de la colonne en béton armé qui
supporte deux forces a 1l'horizontal et 1'axial direction.

Ce sujet est 4 1'examan statique par vingt-six matidres qui supportent
les moments de deux axes courbes et & 1l'analyse des resultats.

Dans le experience, on a inventd d'arranger les lochs de force
d'augmentation et d'installer autrement deux moments courbe autour de deux
axes. .
De cela, on a trouvé des relations pourcentages courbes des moments
des sections en béton armé qui supportent les moments deux axes courbes.

Ce résultat a été poursuivi par 1'analyse aprés: lorsque le sections
ont été partagés & chaque éléments petites qui ont supporté une axes, le
Principe Brenouille peux supposer d application. Les relations de force et
courbe ont été fixés sur béton armé & 1'expression en consultant les études
d'experience recent. Cet experience coincide parfaitement avec les
resultats de ses analyses.

141



INTRODUCTION

It is necessary to study the three-dimensional behavior of reinforced
concrete structure during an actual earthquake, in order to design
aseismically such structures. This study was planned as the first
fundamental step to make clear the inelastic behavior of reinforced
concrete columns subjected to bi-directional horizontal forces and axial
force. Now, there are only a few data about hysteretic behaviors of
reinforced concrete sections subjected té bi-axial bending moments, though
the behaviors should be clarified for reasonable aseismic design of
reinforced concrete columns. The main purpose of this study is to obtain
fundamental data about hysteretic behaviors of reinforced concrete sections
subjected to bi-axial bending moments by experiments and numerical analysis.
As for details of this study, the papers by Takiguchi et al.<2><3><“>(1975,
1976) could be referred.

EXPERIMENT

Three series of experiments named B series, 10B series and 15B series
were carried out.

In B series, fourteen specimens with 10cm square cross section were
tested. Five of them were tested under the loading condition of constant
bending moment about one axis named axis-2 and monotonically increasing
deformation about the other axis named axis-1 orthogonal to axis-2. Five
more specimens were tested under the loading condition of constant bending
moment about axis-2 and reversed cyclic bending moment about axis-1.
Reversed cyclic bending moment was applied by a rule of incremental
deformation amplitude loading. Another four specimens were tested under
the more complicated loading condition.

In 10B series, six specimens with 10cm square cross section were
tested under the loading condition of constant bending moment about axis~2
and reversed cyclic deformation with constant amplitude about axis-1.

In 15B series, six specimens with 15cm square cross section were
tested under the same loading condition as that of 10B series.

Table 1

Mechanical Properties of = " -
Concrete and Reinforcing Bar o

Fig.
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As shown in Fig.l, all specimens were reinforced with four deformed
bars of 10mm nominal diameter in longitudinal direction. Mechanical.
properties of concrete and of reinforcing bars used in the specimens are
shown in Table 1. '

With respect to loading and measuring in this experiments, the system
and practical apparatus are shown in Fig.2, Fig.3 and Fig.4. By the loading
system, small axial force N=M;/LL;+M,/LL, is loaded to the specimen
concurrently with bending moment, where M; and M, are bending moments about
axis—1 and axis-2 respectively, and LL; and LL, are eccentric distances.

To be exact, after large deformation the specimen is subjected to small
shearing forces and small torsional moment, too, by deforming effect.

End rotations ¢; and ¢, and end moments M; and M, of the specimen
were measured in the experiments. ¢/L, where L is the length of the tested
part of the specimen, means average curvature of the specimen.
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A \
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Fig. 2 Loading and Measuring System .. .. . . . .. LOADING AND
i ' Co —  MEASURING
. APPARATUS
T T \.’\ Specﬁmn 3‘
g A T
~ p' PR W,
e Loading Point
e
o 1891 ;
e I ! Loading Beam
unit:mm '
_ftf_m ——
NFnguﬁy Test Arrangements for the Fig. 3 Loading and Measuring
Specimen with 10cm Square Apparatus for the Specimen
Cross Section with 10cm Square Cross
Section

ANALYSIS

In the analysis of this study, as shown in Fig.5 reinforced concrete
section was partitioned into small elements which were assumed to be
stressed uni-axially and to be independent each other. Then, Bernoulli's
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principle i.e. the section remains plane after 1
deformation was applied.

Confining effect of core concrete was not - (WQHAAK
taken into consideration in the analysis. a““1 =N
Stress-strain hysteresis rule of concrete ! ZH H:
was postulated according to recent experimental Steel—]
studies on it, as shown in Fig.6. Relations lement
O My b | a

between o and £5, between B and £5 and between Do
€0 and &4 are shown in Fig.7, where 45 is the —C 1 *1L
strain at a reversal point on the envelope :

curve normalized by (g, the parameter o is

for calculation of the residual strain &g, ::F!
normalized by ®g and B is for determination Fm F

of the point D (£q,ng). In Fig.6, Oy is Concrete/ ||
compressive strength of concrete and ¢fp is Element |

compressive strain at ¢Og. E is initial
tangent modulus of £-n envelope curve, Fig.8
shows stress reduction due to cyclic loading
according to the postulated rule of concrete.
Stress-strain hysteresis rule of reinforcing bar was postulated
according to the experimental study by Yokoo et a1.<7><8>(l977), as shown
in Figs.9-(1) through 9-(4). The virgin curve consists of linear elastic
part, yield plateaus and strain-hardening curves of Ramberg-Osgood type
[Fig.9-(1)].

Fig. 5 Partitioning of R.C.
Cross Section
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Each general half cycle curve emanating from one reversal point to the next
is represented by a pair of Ramberg-Osgood type equations. Their parameters
a and r are dependent upon the maximum preceding stress amplitude
normalized by yield stress Oy [Fig.9-(2)]. In the case that the reversal
point is on a yield plateau, a half cycle curve consists of three parts.
Three parts are a nonlinear curve represented by a pair of Ramberg-Osgood
type equations, secondary yield plateau and a strain-hardening curve of
Ramberg-Osgood type. Parameters a and r appeared in the Ramberg-Osgood
equations are dependent upon the magnitude of summed up plastic strain on
the preceding yield plateaus [Fig.9-(3)]. There must be a supplementary
rule. If the i~th curve is to intersect with (i-2)-nd curve, the i-th curve
shall be regarded as having return to the (i-2)-nd curve and the latter
shall take over the role of the i-th curve [Fig.9-(4)].
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By Bernoulli's principle, incremental strain Aejj of (i,j) element is
led from incremental strain Aey, at the centroid of section, incremental
curvature Ay; and Ay, about axis-1 and axis-2 respectively, and coordinates
1; and lj of the centroid of element.

A€ij = Agg + AP1°14 - All)z'lj ceese (1)

By postulated hysteresis rules of concrete and of reinforcing bar
incremental stress Aoij of (i,j) element is determined from the
incremental strain Asij.

Aoy = Doij(Aeif) ceeen(2)

Equilibrium equations for incremental axial force and incremental bending
moments are as follows.

n ) N
AN = =%, ]-éml Aoyj-ai; et 35D
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AM,

Aoij -aij ‘li

m
};1 Aoijraij lj

ceeee(3-2)

..-..(3_3)

From equations (1), (2) and (3-1) through (3-3), the incremental relation
between (AY;, AY,, Ae,) and (AM;, AM,, AN) can be obtained.

In Fig.10, Partitioning of cross
sections of the analyzed specimens
are shown. Input data on mechanical
properties of concrete and rein-
forcing bars are shown in Table 2.

Table 2 Input Data on Mechanical
Properties of Concrete and
Reinforcing bars

1

Y
L]

Faor !

rmo

2

unit:mm

7.89
7.89
843
860
8.60
8.60

PARTITIONING OF CROSS SECTION

i

Reinforcing Bar{D10)
sOy (ka/em?) | sE (kglem?)
B series| 3117 2.1x10°
10B,15B series| 2782 2.1x108
Concrete
<Ob (kg/cm?) cEs
B series| 259 2409 x 1070
108,158 series] 201 2116 X109

RESULT

As the results of this study,
in regard to four specimens, M;-¢,/L,
M2~¢p2/L and ¢1/L~92/L curves obtained
by these experiments and M;-{;, Ma-{»
and ¢;~P, curves obtained by the
above mentioned analysis are shown
in Figs.11-(1) through 11~-(4).
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Fig. 10 Partitioning of Analyzed

Cross Section

Restoring force characteristics about axis-1 and deformation about
axis-2 became stable during cyclic loading with constant deformation
amplitude about axis~1 when both constant bending moment about axis-2 and
constant deformation amplitude about axis-1 were small. On the other hand,
constant bending moment about axis-2 had considerable influence on the
restoring force characteristics about axis-1 and deformation about axis-2

became very large during cyclic loading.
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CONCLUSION

In the experiments, loading and measuring arrangements were newly
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developed and some fundamental data about hysteretic behaviors of
reinforced concrete sections subjected to bi-axial bending moments were
obtained. It was noticed that their behaviors were different from uni-axial
hysteretic behaviors apparently.

In order to generalize the inelastic behaviors obtained in the
experiments, the sectional analysis was carried out. The cross section was
partitioned into small elements. It was assumed that each element was
uni-axially stressed and that Bernoulli's principle could be applied. In
this analysis, uni-axial non-stationary stress-strain hysteresis rules of
concrete and reinforcing bar were postulated according to recent
experimental studies on them. Experimental and analytical results coincide
quite well.

As a result, it is clarified that bi-axial hysteretic behaviors would
be able to be investigated by this analvtical method based on the
characteristics of materials.
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BEHAVIOUR OF REINFORCED CONCRETE COLUMNS UNDER SIMULATED BIAXTIAL
EARTHQUAKE LOADS
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University of Toronto University of Toronto
Toronto, Canada Toronto, Canada
SUMMARY

The effect of biaxial lateral loading on the hysteretic behaviour of
reinforced concrete columns is studied through laboratory experiment.
Three pairs of columns have been tested. One column of each pair was
tested under uniaxial lateral loading, while the other under biaxial lateral
load reversals.

Diagonal cracks, flexural cracks, crushing and spalling of shell con-
crete was observed on all four faces of the biaxially loaded columns. The
final failure modes of a pair of uniaxially and biaxially loaded specimens
were similar. Loading and resulting damage in the transverse direction re-
duced the stiffness of a biaxially loaded column in the longitudinal direc-
tion. However, the overall hysteretic characteristics of a pair of uni-
axially and biaxially loaded columns were similar.

L'etude du comportement hysteretique des colonnes en beton arme, sous
1'effet de charges bidirectionnelles, est entreprise a l'aide d'essais de
laboratoire. La premiere colonne de chaque paire etait soumise a un charge-
ment lateral unidirectionnel, tandis que la seconde subissait des efforts
lateraux bidirectionnels et alternes.

Fissurations, ecrasement, et ecaillage du beton furent observes sur
toutes les faces des colonnes soumises a des charges bidirectionnelles. Les
modes finals de rupture, pour les deux specimens de chaque paire, etaient
semblables. Les degats dus a l'action transversale reduisaient la rigidite
principale des colonnes a chargement bidirectionnel. Cependant, les
caracteristiques hysteretiques etalent essentiellement les memes pour une
paire de colonnes, que la colonne soit soumise a un effort unidirectionnel
ou bidirectionnel.

INTRODUCTION

The earthquake motion is not limited to one horizontal direction.
Consequently, columns of a framed structure must resist lateral forces in
the two horizontal directions simultaneously. The methods to estimate the
strength of reinforced concrete column sections under monotonically in-
creasing compression and biaxial bendings have been studied by many investi-
gators on the basis of the flexural theory or on the basis of static experi-
ments to failure. The strength and deformability under monotonically
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increasing loads are not sufficient performance criteria of the reinforced
concrete under earthquake motion because the stiffness and strength of the
reinforced concrete depends on a strain history.

Innumerable experiments have been carried out on reinforced concrete
columns under axial and uniaxial lateral load reversals. Recent experi-
mental studies on the behaviour of reinforced concrete members under bi-
axial lateral load reversals reported a significant reduction in resistance
and stiffness compared to reinforced concrete members under uniaxial
lateral load reversals (Okada et al, 1976).

OUTLINE OF EXPERIMENTAL WORK

The behaviour of reinforced concrete columns subjected to a series of
static biaxial lateral load reversals is examined. The test specimens
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Fig. 1: Arrangement of Reinforcement in Specimen
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represent a portion of a first storey column between the foundation and the
inflection point of the column. No axial load was applied to the specimens
in order to simplify the experiment. Three pairs of columns have been
tested. Each pair of columns were constructed using the same materials and
specifications. Odd-numbered columns of each pair were tested under uni-
axial lateral load reversals, and even-numbered specimens under biaxial
lateral load reversals.

The arrangement of longitudinal and transverse reinforcement is shown
in Fig. 1. In specimens SP-1 & 2, three different shape ties, made of No. 3
bars, were placed at the same level with an interval of 127 mm. Square
ties made of No. 3 bars in specimens SP-3 & 4 were welded at the splice and
then heat treated. The bars were extended at least 76 mm beyond the 135°
bend in specimens SP-5 & 6. The shear resisting capacities as evaluated by
the ACI Standard 318-77 (1977) using a capacity reduction factor are 2.3,
1.6, and 1.1 times the shear corresponding to the calculated flexural capa-
city (without capacity reduction factor) for specimens SP-1 & 2, SP-3 & 4,
and SP-5 & 6, respectively.

The properties of the concrete and the reinforcement are listed in
Table 1.
Table 1: Material Properties

Specimens 1&2 Specimens 3&4 Specimens 5&6

(a) Concrete

Compressive Strength 34.2 MPa 31.7 MPa 22,7 MPa

Splitting Tensile Strength 3.5 MPa 3.3 MPa 2,7 MPa
(b) Longitudinal Reinforcement

Number and Size 12 ~No. 6 8 ~No. 7 8 -No. 7

Yield Stress 454 MPa 441 MPa 464 MPa

Ultimate Stress 782 MPa 696 MPa 689 MPa
(c) Lateral Reinforcement

Number and Size 3-No. 3 1~No. 3 1-No. 2

Interval 127 mm | 53 mm 51 mm

Yield Stress 510 MPa 500 MPa 303 MPa

The loading system for
biaxial lateral loading is
schematically shown in
Fig. 2.
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-‘\, MTS Actualor

Counter Weight -
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Fig. 2: Loading System for Biaxial Tests

151



Typical loading programs used 6 T“ LA S et a s e o

in test SP-5 & 6 are illu- NS
strated in Fig. 3. The yielding o ~
was defined by the tensile gJ 3k ; .
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tensile fibre of the section ° 0
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Fig. 3: Typical Loading Programs

OBSERVED BEHAVIOUR

General Observations

All specimens developed horizontal flexural and diagonal shear cracks
along the entire height of a column, followed by tensile yielding of the
longitudinal reinforcement, and compressive crushing of concrete at the base
of the columns. X-shaped diagonal shear cracks appeared on all four faces
of the biaxially loaded specimens, whereas diagonal cracks appeared on the
two faces parallel to the load direction in the uniaxially loaded specimens.
Similarly, crushing and spalling of shell concrete was observed on all four
faces of the biaxially loaded specimens. Although diagonal cracks were ob-
served on the column faces, the behaviour of the specimens was dominantly
in [lexure. The deterioration in stiffness and resistance due to shear was
not detected until the last stage of a test.

Specimens SP-1 & 2 failed by the fracture of longitudinal reinforce-
ment at a location where a piece of metal was welded near the critical
section. The ductility factors for specimens SP-1 & 2 were 4.1 and 3.0,

respectively.

Failure of specimens SP-3 & 4 was due to buckling of the longitudinal
reinforcement near the base after spalling of shell concrete and extensive
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cracking in the core of section. Note that the shear resisting capacity
provided was 1.6 times the shear corresponding to the calculated ultimate
moment at the base. Furthermore, the spacing of ties was reduced to one-
half over a distance equal to twice the effective depth from the top face
of the column footing. Ductility factors for specimens SP-3 & 4 were 8.2
and 9.8, respectively.

Specimens SP-5 & 6 had the least shear resisting capacity of the three
pairs. After separation and spalling of shell concrete outside the longi-
tudinal reinforcement cage, the
core concrete was also broken into ! |
pieces due to flexural cracks,
crushing of concrete and diagonal
shear cracks: The resistance of South East South East
the two specimens was lost through Face Face Face Face

the disintegration of the core —
X&-‘
- -
~

(a) SP~5 (Uniaxial) (b) SP-6 (Biaxial)

concrete. Ductility factors
attained were 4.8 for the two
gspecimens. The last four speci-
mens (SP-3 through SP-6) were
provided with the same amount of
longitudinal reinforcement, where-
as the lateral reinforcement ratios
of SP-3 & 4 were more than twice
that of SP-5 & 6. By far smaller
ductility factors for specimens
SP-5 & 6 than those for specimens
SP-3 & 4 must be attributable to
the difference in the amount of
lateral reinforcement at the
critical region provided in the
two pairs of specimens. Fig. &4

Yl
shows crack patterns observed in

specimens SP-5 & 6 at approxi- Fig. 4: Observed Crack Patterns
mately the same load stage. Before Failure

Stiffness Reduction Under Uniaxial Loading

Lateral deflections at the point of loading were measured by % 127 mm
linear variable differential transformers. The stiffness of a test speci-
men was reduced with increasing damage as summarized below.

(a) Stiffness changed due to flexural cracking of concrete and
tensile yielding of the longitudinal reinforcement;

(b) When a deflection reversal was repeated at the same newly
attained maximum amplitude, the stiffness in the second cycle was notice-
ably lower than that in the first cycle, although the resistance at the
peak displacement were almost identical. This can be observed in Fig. 3,
which shows the load-deflection relationship observed during the first
5 cycles of uniaxial load test SP-5. The displacement amplitude in the
third cycle was repeated in the fourth cycle. Note a distinct reduction in
stiffness in load cycle 4, but also note comparable resistance at the peak
displacement. This reduction in stiffness is attributable to the formation
of additional flexural cracks and a reduced stiffness of the longitudinal
reinforcement due to the Bauschinger effect.
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(c) Average stiffness 30
of a complete cycle (peak-
to-peak stiffness) decreased 20 I |
with a previous maximum
amplitude. In Fig. 5, a
displacement amplitude of 9 10
cycle 5 was reduced to an .
amplitude comparable to k!
cycle 2. Note a significant = ©
reduction in stiffness in §
cycle 5 compared to the B -10 |-
stiffness in cycles 1 and =
2. The peak-to-peak
stiffness in cycle 5 was -20 =
close to that in cycles
3 and 4. -130
-2 2
Columm Top Displacement, inch
Fig. 5: Reduction in Stiffness in

Uniaxial Loading Test
Effect of Transverse Loading

The behaviour of specimen 4, subjected to biaxial loading, is examined
to study the effect of transverse loading on the hysteretic characteristics.

The tensile yielding of longi-

40
tudinal reinforcement was observed T
in cycle 12 in NS direction. = SP~4
After loading cycle 13, repeating 20

the same amplitude as in cycle 12,
the forced displacement was applied
in EW direction, causing first
yielding in EW direction in cycle 0
16. The displacement amplitudes
in cycle 12 (NS) and cycle 16 (EW)
were comparable. Note that the
stiffness in cycle 16 is much
less than that in cycle 12. This
stiffness reduction was attri-
butable to the damage caused by
loading in NS direction.

4
[
Q

I
=~
<

Applied Load, kips
=
S

After two displacement re—~
versals (cycles 19 and 20) at an
amplitude 4.5 times the calculated
yield displacement as shown in
Fig. 6(b), the specimen was sub~ 0
jected to a forced displacement re-
versal (cycle 22) in NS direction
at the amplitude used in cycle 13 -20
(previous maximum amplitude in NS

N
[

= 1.0 kip = 4.45 kN
1.0 in. = 25.4 mm

-----

o SP-4

1.0 kip = 4.45 kN
1.0 in. = 25.4 mm

direction). The stiffness in -

cycle 22 was significantly reduced 40 i 1 | | ! | i
from the stiffness in cycle 13 as -2 -1 1 2
demonstrated by a dashed line in Column Top Displacement, inch
Fig. 6(a). This stiffness re- Fig. 6: Effect of Transverse Loading

dgctlon is a direct result of on Stiffness
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damage caused during loading in 30
the transverse loading. Note

that subsequent loading cycles 20
23 and 24 did not show a sign

of failure.

10
Does the biaxial lateral
load reversal cause a substan-~ 0
tial stiffness reduction which
may not be detected by a uni- -10 1.0 kdp = 4.45 kN

axial lateral load reversal 1.0 in. = 25.4 mm

test? The force-deflection
relation curves observed during
tests on specimens SP-5 and
SP-6 are compared for this
purpose. Both specimens were
subjected to the same number of
load cycles and also similar
displacement histories as shown
in Fig. 3. Figure 7(a) shows
the force-deflection curves of
specimen SP-5. The hysteresis
loops in NS and EW directions
of specimen SP-6 are combined
and plotted in Fig. 7(b). The
general shapes of the two curve:
in Fig. 7(a) and (b) are quite
similar, indicating the hys~
teretic characteristic obtained
through uniaxial lateral load
reversals can provide a good

Applied Load, kips

Column Top Displacement, inch

index to judge the performance Fig. 7: Hysteretic Characteristics of
under biaxial lateral load re- of Uniaxlally and Biaxially
versals. A slightly larger Loaded Columns

maximum load was observed from
specimen SP-6,.

CONCLUDING REMARKS

The effect of biaxial lateral loading on the hysteretic behaviour of
reinforced concrete columns was experimentally investigated. Under biaxial
lateral loading, diagonal cracks, flexural cracks, crushing and spalling of
shell concrete was observed on all four faces of a column before failure.

The final modes of failure of a pair of identically constructed
columns were similar subjected to either uniaxial or biaxial lateral load
reversals. = The overall hysteretic characteristics of such a pair of columns
were similar.

Loading and resulting damage in the transverse direction reduced sig-
nificantly the stiffness of a biaxially loaded column in the longitudinal
direction.
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SUMMARY

This paper describes the results of experimental studies concerning re-
inforced concrete beams and columns with a high tension shear reinforcement
which 0.2% proof stress is about 14t/cm2

Thirty three specimens of beams subjected to bending moment and shear
force were tested in experimental study A, and six specimens of columns sub-
jected to bending moment, shear force and axial load were tested in experi-
mental study B. Loadings were applied in anti-symmetrically in both studies.
In study A, type of loading was monotonic, and in study B, the alternative
loading of more than forty cycles was conducted after flexural tensile yield-
ing of longitudinal reinforcement by means of a special loading system as
shown in Fig.13.

The results of study A provide an information on the mechanism of shear
failure and represent the equations concerning the effectiveness of high
tension shear reinforcement in resisting shear. The results of study B in-
dicate the effectiveness of high tension shear reinforcement in deformation
capacity after flexural tensile yielding of longitudinal reinforcement.

RESUME

Ce texte décrit les résultats obtenus 3 la suite d'études expérimentales
concernant les poutres en béton arméet des colonnes hautement renforcées con-~
tres les forces de cisaillement et dont la résistance de 0.2% est d'environ
14t/em?,

Trente trois sortes de poutres soumises & un moment fléchissant et 3 une
tension de cisaillementont fait 1'objet d'un etude spéciale au cours de 1'-
étude expérimentale A et six sortes de colonnes soumises & un moment fliéchi-
ssant et une charge axiale ont fait l'objet d'une étude expérimentale B. Les
charges ont été appliqué par méthode anti-symétrique au cours des deux études
expérimentales. Au cours de 1'étude A, le type de charge est monotonique
tandis quau cours de 1'étude B, la charge alternative de plus de quarante
cycles est accomplie par déformation fléchissante de renforcement longitudi-
nal par 1'intermédiaire d'un systéme de charge spécial comme le montre la
figure 13.

Lesrésultats de 1'étude A fournissent des renseignements sur le mécanisme
de panne cisaillement et représente 1'équation qui se rapportea 1'efficacité
de renforcement aux tensions &levée de cisaillement. Les resultats de 1'étude
B indiquent une efficacité de renforcement aux tensions élevées de capacité
de déformation de déformation fléchissante de renforcement longitudinal.

INTRODUCTION

Recent research works regarding the effectiveness of shear reinforcement

157



have been primarily devoted to members with the ordinary shear reinforcement
which yield stress was about 4t/cm®. Although several investigations have
included the members with high tension shear reinforcement, the factors affect-
ing ultimate shear strength in beams and deformation capacity after flexural
tensile yielding in columns have not been studied systematically.

It can be considered that the principal effectiveness of shear rein-
forcement in beams and columns were two cases as following i) and ii).

i) to increase ultimate shear strength

ii) to increase deformation capacity after flexural tensile yielding of
longitudinal reinforcement

Two experimental studies have been carried out to investigate those ef-
fectinevess of high tension shear reinforcement in reinforced concrete beams
and columns since 1974. One is the experimental study A to investigate the
effectiveness in resisting shear using the specimens of beams, and the other
is the experimental study B to investigate the effectiveness in deformation
capacity in columns.

It appears of practical importance to obtain information on those effec-—
tiveness of high tension shear reinforcement in beams and columns. This was
the primary purpose of these experimental studies.

EXPERIMENTAL STUDY A
SPECIMENS AND PROPERTIES OF MATERIALS

Specimens were designed to investigate the effectiveness of high tension
shear reinforcement, which 0.2% proof stress was about l4t/cm?as shown in Fig.
5, in resisting shear.

Thirty three specimens were tested as shown in Table 1. The primary
factors were yield stress of shear reinforcement (way), shear reinfocement
ratio (py), shear span ratio(a/D), and the lap joint of spiral as shown in
Fig.7. All specimens had the same section (b x D = 18cm z 40cm)and the same
amount of longitudinal reinforcement (pt = p. = 2.99%) as shown in Fig.l.

High tension shear reinforcement in this experimental study were the heat
treated steel called "ULUBON".The compressive concrete strength from 10cm x
20cm cylinders was 28lkg/cm?in the case of a/D = 1.0 and 2.0,and was 324kg/cm?
in the case of a/D = 1.5 as shown in Table 3.

PROCEDURE
Loading was carried out in an anti-symmetrical method as shown in Fig.4,

and the type of loading was monotonic. Shear force(V) was measured by the load
cell between the jack and the specimen, and the relative deformation(8) was
measured by the electric gages as shown in Fig.3.

Strains of shear reinfocement were measured by wire strain gages to
investigate the mechanism of shear failure.

EXPERIMENTAL RESULTS

1) FAILURE MODES
Experimental results are summarized in Table 2. Failure modes were of two
kinds as shown in Fig.8, one was the shear compression type (symbol SC) and
the other was the flexure type (symbol FSC) after flexural tensile yielding
of logitudinal reinforcement. '

2) EFFECTIVENESS OF HIGI TENSION SHEAR REINFORCEMENT
The difference between ultimate shear stress of specimens with shear rein-
forcement (vy) and that of specimen without shear reinforcement (vupw=0) will
be used as a measure of the effectiveness of shear reinforcement. This incre-
ment of stress (v, - vupy=0), was plotted against py in Fig.9 for SC failure
groups. As shown in Fig.9, the effectiveness of high tension shear reinforce-~
ment was more than that of the ordinary shear reinforcement under the same
value of py.
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3) FUNCTION OF SHEAR REINFORCEMENT
The relation between shear force (V) and the relative deformation (6), and
the relation between shear force (V) and stress of shear reinforcement (,0)
substituted for strain measured by wire strain gages are illustrated in Fig.
10 (a) through (e) in increasing order of py.y Figs.1l0 indicate the func-
tion of shear reinforcement as following i), 11¥ and iii)

i) After the first inclined crack, this O increased remarkably.
ii) Relation between additional shear force and additional stress of
shear reinforcement after the first inclined crack was almost linear.

iii) Yielding of shear reinforcement were found in specimens that py.wOy
was less than about AOkg/cm as shown in Fig.1l0 a) through c) and on the other
hand, in the case of p,.y0y was not less than about 40kg/cm?*, beams failed in
shear before yielding of shear reinfocement as shown in Fig.1l0 d) and e).

4) RELATION BETWEEN {vy - vupw=0}AND p_.,0
In Fig.12, {vu - Vupw—o} is plotted against’ Py-wOy+ The relation between
{vy - Vupws=0 o} and Py w0y could be represented by two straight lines: one
with a slope extendlng to about pw WO = 45kg/cm? and the other with a slope
extending from pg ., O, = 45kg/cm This change in slope appears to correspond
to a change in behavior of shear reinforcement as shown in 3)-iii). Then,
dividing data into group of yielding and group of no yielding of shear rein-
forcement, two lines could represent those two groups by regression analysis
as following Eq.(1) and Eq.(2).

in the case of yielding, {vy - Vupw=0} = 0.69py.wOy + 10.0 - = = (1)
in the case of no yielding, {vy - Vupw=0} = 0.05p,-w0y + 41.6 - - -(2)

The intersection of Eq.(l) and Eq.(2) is Py -wly = 49kg/cm2, Eq. (1) and
Eq.(2) could be represented more generally as following Eq.(3) and Eq.(4).

for 0 < py.yOy < 49kg/cm; {vy ~vupw=0} = 0.69py.y0y + 10.0 - = ~ (3)
for 49kg/cm2< Py-wly < < 160kg/cm ,{vu —Vupw*o} 0.05py. WO + 41.6 - - (&)
where

2.6t/cm’< wly 2 14t/cm2, 1 <a/D< 2, 281kg/cm? < L0p < 324kg/cm?

5) LAP JOINT
Fig.ll shows the relation between shear stress (v) and the relative deforma-
tion {8) of specimens with and without lap joint. the behavior of specimen
with lap joint was as same as the specimen without the lap joint.

CONCLUSION

Based on the experiment reported herein, the following conclusions can
be drawn.

1) In the case of that py. wOy was less than about AOkg/cm , beams failed
in shear after yielding of shear reinforcement. On the other hand, in the
case of that p «wOy was larger than about 45kg/cm?, failed in shear before

W
yielding of shear reinforcement{See Fig. 10}

2) Experimental equations(3) and (4) concerning the effectiveness of

shear reinforcement included high tension in resisting shear were represented

by the regression analysis.
3) The beam with lap joint indicates the behavior as same as that without

lap joint.{ See Fig.1l}
EXPERIMENTAL STUDY B
SPECIMENS AND PROPERTIES OF MATERIALS A

Specimens.were designed to investigate the effectiveness of high tension
shear reinforcement in deformation capacity after flexural tensile yielding
of longitudinal reinforcement.
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Six specimens were tested as shown in Table 5. The primary factors
are shear reinforcement ratio (pw) and yield stress of shear reinforcement
(O ) All specimens had the same shear span ratio (a/D = 1.5), the same
qectlon(b x D = 25cm x 25em), the same amount of longitudinal reinforcement

(Pt = Pc = 0.61%) as shown in Fig.l5, and axial compressive stress (0o =

26. Bkg/cm “). The compressive concrete strength from 10cm x 20cm cylinders

and yield stress of shear reinforcement (woy) are shown in Table 5.
PROCEDURE

Loading was carried out in an anti-symmetrical method by means of a
special loading system as shown in Fig.13. The alternatively reversal loading
of more than forty cycles as shown in Fig.16 were conducted after flexural
tensile yielding of longitudinal reinforcement.

Shear force (V) were measured by the load cell and the relative deforma-
tion (§) were measured by electric gages as shown in Fig.l4.

EXPERIMENTAL RESULTS

1) FAILURE MODES
The failure modes of all specimens had tendency as following 1) and ii).

i) After the first flexural crack formed at the end of specimen and
presently formed at distance of about 25cm from the end in tension side, the
later crack bent over toward compression zone near the end of specimen, at
higher load, the flexural tensile reinforcement yielded.

ii) After flexural tensile yielding, the deformation was increased,and
shear force decreased gradually. The relation between shear force and the
deformation of specimen No.6 is illustrated in Fig.l7.

2) BEHAVIOR UNDER ALTERNATIVE LOADING
The relation between V/V v (cal)* and the number of alternative loading after
flexural tensile yleldlng are shown in Fig.18 through 21. Those Fig.18,19,20
and 21 indicate the effectiveness of shear reinforcement in deformation capa-
city after flexural tensile yielding as following i), ii) and iii).

i) V/Vy(cal) in specimens with high tension shear reinforcement subjected
to alternative loading was more than in specimens with ordinary shear reinfor-
cement, in both cases of py = 0.6% and 0.26% as shown in Fig.l8 and 19.

ii) V/Vy(cal) in the case of small spacing of shear reinforcement were
more than large spacing under the same value of py and pw.wOy as shown in
Fig.20.

iii) The specimen with high tension shear reinforcement of py less than
half of the ordinary, and of smaller spacing than the ordinary could obtain
the deformation capacity as much as with the ordinary shear reinforcement as
shown in Fig.21.

CONCLUSION

Based on the experiment reported herein, the following conclusions can
be drawn.

In order to increase the deformation capacity after flexural tensile
yvielding of longitudinal reinforcement, it is important to use the shear re-
inforcement of higher yield stress than the ordinary one and to narrow down
the spacing of shear reinforcements. Saying it differently, by using the
high tension shear reinforcement of narrow spacing and slender steel in stead
of the ordinary shear reinforcement, it may be possible to reduce the amount
of shear reinforcement.
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Table 1. List of Beams

fQXdiamrs‘er

Series(1);a/D=] 0,(2);a/D=1.5,(3;a/D=2.0 1. bxD =180X 400
(Series) |Symbol|bla-Pitch| pg* ' wﬂy*7 Pw-wOy |Form A
~No (mm-mm) -| (%) | (t/em’)|(kg/en® R =R=2.99°
(1)-1 0- 0 0 - - - | § _#135°Hook or
-2 | @ 6-160 0.19] 3.52 | 6.69 |135° ~ " Rectangular spiml
(1)-3 (o] 6-160 0.19| 13.88 | 26.37 [135°
-4 |0 6-160 0.19{ 13.88 | 26.37 | s o D22 Umtmm
@W-5 |0 6-160 0.19] 13.88 | 26.37 |sL¥® 3~
m-6 |@ 6-114 0.26{ 3.52 | 9.15 |1350
1)-7 [e) 6-114 0.26| 13.88 | 36.09 | %" Actual section of
1)-8 |@ 6~ 89 0.34| 3.52 | 11.97 |1350 Specimen(A - A)
-9 1O 6- 89 0.34] 13.88 | 47.19 | s
m-10 |0 6~ 62 0.49| 13.88 | 68.01 | s .
w-11 O 9-146 0.47| 14.22 | 66.83 | s Fig.l Actual Section
m-12 O 9- 62 1.12| 14.22 |159.26 | s
-1 0- 0 0 = - u
(2)-2 0- 0 0 - - -
(2)-3 A 6-120 0.28] 2.55 7.14 1135° Stub
(2)-4 A& 6-120 0.28{ 2.55 7.14 | s v
(2)-5 fa 6-120 0.28| 13.49 | 37.77 |135° A ¢
(-6 |A 6-120 0.28] 13.45 | 37.77 | s | \
(2)-7 | A 6~ 60 0.56| 2.55 | 14.28 [135° !
)-8 |A 6= 60 0.56| 2.55 | 14.28 | s 300X400 D IIBOXAOO 300X400
(-9 A 6- 60 0.56| 13.49 | 75.54 |135° !
(2)-10 |A 6- 60 0.56| 13.49 | 75.54 | s 'y 1
(2)-11 | A 9- 90 0.75| 2.60 | 19,50 |135° A
(2)-12 |A 9- 90 0.77| 13.98 |107.65 | = | A
(2)-13 |& 9- 60 1.13] 2.60 | 29.38 |135° a l a Unitsmm
(2)-14 |A 9- 60 1.15{ 13.98 [160.77 | s
2)-15 |A 6-120 0.29] 6.87 | 19.92 | &
(3)-1 0- 0 0 - s .
MH-2 (™ 6-160 0.19| 3.52 | 6.69 [135 : .
-3 (O 6-160 0.19| 13.88 | 26.37 | s , Fig.2 Specimen
(3)-4 o 6-114 0.26] 3.52 9.15 {135
-5 |0 6-114 0.26| 13.88 | 36.09 | s
-6 |0 6~ 62 0.49| 13.88 | 68.01 | s 6+6

6= 2L
wl o, p,~shear reinforcement ratio . = 2

*2 :vcy-yield stress or 0.2% proof stress of shear
reinforcement

*: : sLeLap joint as shown in Fig.A-7
*

8~ apiral

Fig.3 Measuring Method
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Table 2. Experimental Results

unit; kg/em?

Series)|Fallure

™ fndeant [se4? [y’ Vumvu(Pun)
(1)-1 SC 9.3/15.8 0
(1)-2 sC 12.3127.5) 11.7
(1)-3 sC 10.7142.6] 26.8
(1)-4 SC 12.3[42.6] 26.8
(1)-5 SC 15.4147.9] 32.1
(1)-6 sC 18.6(32.3} 16.5
a)-7 SC 18.6(52.9} 37.1
(1)-§ SC 15.4134.3] 18.5
(1)-9 SC 12.3(54.5| 38.7
(1)-10 SC 15.4{63.3| 47.5
(1)-11 SC 15.4158.6| 42.8
(1)-12 SC 18.6[70.41 54.6
(2)-1 ScC 10.9{17.0] 0.3
(2)-2 sSC 10.8]16.4f -0.3
(2)-3 scC 10.8{33.0f 16.3
(2)-4 sC 7.9129.8( 13.1
(2)-5 SC 8.1146.3] 29.6
(2)-6 SC 7.9150.9] 34.2
(2)-7 SC 10.8|38.6f 21.9
(2)-8 sC 10.8(38.6] 21.9
(2)-9 FSC 9.3/58.6 -
(2)-10 | FsSC 13.9)58.4] -
(2)-11 sC 15.4)42.4] 25.7
(2)-12 FSC 9.3159.2 -
(2)-13 SC 12.3150.9| 34.2
(2)~14 FSC 9.3163.7( -~
(2)-15 sC 9.3143.2¢ 26.5
3)-1 sC 9.3{13.1 0
(3)-2 SC 9.3123.2] 10.1
(3)-3 FSC 9.3|38.9 -
(3)-4 sC 9.3[29.3} 16.2
(3)-5 FSC 9.3141.7 -
(3)-6 FSC 12.3]47.1 -

*! SC: shear compression fallure
FSC: flexural failure

*? V! shear stress at first inclined crack

x3

v

ut ultimate stress

*" v, ~Vu(py=0) reffectiveness of shear

reinforcement in resisting shear

Table 3. Concrete

unit: kg/em?

Serles| 0p% | 0p* |E(1/4)x107
Gy, (|81 227 2.8
(2) 324 30 2.24
EL 0b=compressive strength
c

(10 x 20 cm cylinder)

*? g Gr=sp}1t—cvlinder tensile strength
(SO
Table 4. Reinforcement
ST P 7
series |bars ny* s”max ’ Sry )
(mm) | (kg/em”) | (kg/em?) (x 10°°)
o D22 3.5 755 1811
(1) 6 N 3.4 5.3 1548
3 6 H 13.9 15.2 8210
) 19 y|14.2  |15.4 | 8515
D22 3.8 6.1 1980
9 6 N 2.6 3.3 1200
2 6 H 6.9 8.0 5280
6 H 13.5 15.0 8350
9 N 2.6 3.5 1240
_____ 9 H ] 14.0 15.2 7790
# 1 yield stress or 0.2% proof stress
*2: yield strain or 0.25 proof strain
D : deformed bar ,N :ordinary , H :high

tension
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SHEAR EFFECTS ON PLASTIC HINGES OF EARTQUAKE RESISTING REINFORCED
CONCRETE FRAMES

Thomas PAULAY Ian N. BULL
University of Canterbury Morrison Coopers & Partners
Christchurch, New Zealand Wellington, New Zealand

SUMMARY

Wide full depth cracks that develop across plastic hinge regions of beams
which are subjected to reversed cyclic loading, may be responsible for signi-
ficant loss of energy dissipation. The primary causes of the phenomenon are
sliding displacements which result in the grinding of crack interfaces, bond
loss along and possibly buckling of the principal flexural bars because shear
transfer is enforced mainly by dowel action across these bars. Different ways
of detailing, by which improved performance may be obtained, are briefly dis-
cussed. It is shown how satisfactory response can be obtained also in beams
in which plastic hinges have been deliberately relocated away from column
faces. The superior performance of plastic hinge zones with diagonal rein-
forcement is demonstrated. Nominal shear stress levels are suggested, beyond
which the use of diagonal shear reinforcement, to control shear sliding,
should be made mandatory.

RESUME

De larges crevasses de toute la profondeur, qui se développent au travers
des parties a charniére plastique des poutres qui sont soumises a des charges
cycliques inversées pourraient &tre responsables pour une perte importante de
dispersion d'énergie. Les causes premiéres de ce phénoméne sont les déplace-
ments qui glissent et qui finissent par ronger les parois internes, par perdre
la liaison le long des barres de courbure principales et peut-étre méme par
les tordre; - car la transmission de la force de cisaillement se fait, en
grande partie, par une action similaire a celle du goujon, a travers ces
barres. On discutera briévement des moyens de détailler les renforcements qui
donneront de meilleurs résultats. On montrera aussi comment une réponse
satisfaisante peut &tre obtenue dans les poutres dont les charniéres
plastiques ont été déplacées, a dessein, loin des tétes de colonne. On
démontre aussi le comportement superieu des zones de charniére plastique avec
renforcement diagonal. On propose les niveaux de tension de cisaillement au
deld desquels, l'utilisation de renforcement diagonal devrait €tre rendu
obligatoire, pour controler les glissements de cisaillements.

INTRODUCTION
It is generally recognized that a realistic means, by which the response
of ductile reinforced concrete frames to large earthquake excitations can be

contained within practical limits, is hysteretic damping. Therefore a frame
should dissipate significant energy in a stable manner during its inelastic
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response. Stability in this context refers to the maintenance of reasonably
constant and high level of lateral load resistance during several large
reversed cycles of inelastic displacements, with as little loss of stiffness
as. possible after each such cycle. Therefore the design and detailing of
potential plastic hinges warrants particular attention.

In the analytical assessment of the inelastic dynamic response of frames,
beam behaviour is often modelled as shown by curve 1 in Fig. 1. Such
perfectly elastic-plastic load-displacement
) relationship is unattainable in reinforced
concrete plastic hinges. In steel beams a
nonlinear moment-rotation relationship,
characterised by Bauschinger effect, such as
shown by curve 2 in Fig, 1, is usually
observed. When internal forces, such as
tension, compression and shear, in the
plastic hinge of a reinforced concrete
member are transferred predominantly by

Load

FIG. 1 ~ Idealized, optimal reinforcing steel, a response similar to

and degrading displacement that of a steel beam, i.e. curve 2 in Fig. 1,
response of a beam during an will be approached, Such response

inelastic pulse. represents the optimum realistic energy

dissipation, as measured by the area under
the load-displacement curve during an inelastic displacement excursion.

When during large displacement reversals significant portions of the
internal member forces are to be transferred by the concrete, both strength
and stiffness degradation will occur. The largest single cause for these
two detrimental phenomena is the shear force that needs to be resisted. For
reasons to be discussed subsequently, one qguadrant of a complete typical
hysterisis loop may take the form of curve 3 in Fig. 1. Clearly the enerqgy
dissipation and hence hysteretic damping, expressed by the shaded area in Fig.
1, is distinctly less than in the previous cases. A plastic hinge, that
followed in a particular cycle the load-displacement path along curve 3, is
likely to trace curve 4 in the following displacement cycle. The resistance
offered by the member at any displacement will now be less than in the
previous cycle. The straight lines radiating from the origin of Fig. 1 may
be taken as a measure of the average stiffness, tan 0, associated with each
load path. Most well designed reinforced concrete members will exhibit load-
displacement relationships that will lie between curves 2 and 3 of Fig. 1.

SHEAR EFFECTS IN PLASTIC HINGES

Distinct stages of the somewhat idealized behaviour of a conventicnally
reinforced plastic hinge region are illustrated in Fig. 2. 1In this example
it is assumed that the top and the bottom flexural reinforcement is approxi-
mately equal. If the shear force is significant, extensive diagonal cracking
will develop in the first inelastic load cycle. (Fig. 2a). Adequate web
(stirrup) reinforcement will, however, without exceeding yield strain, trans-
fer the shear forces. Upon load reversal significant moment will need to be
applied before the previously formed large tension crack will close. Fig. 2b
shows the stage when the bottom reinforcement has already yielded in tension
but the top bars have not yet yielded sufficiently in compression for the
crack to close. At this stage, when a wide full depth crack has developed
at the support, a significant shear force need be transferred across that
crack. Shear transfer by aggregate interlock-action will be reduced and
therefore the major part of the shear will need be transferred by dowel action
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of the top and bottom flexural bars. (Fig. 2b). &as
both the top and the bottom bars have yielded,
appreciable shear (dowel) displacement will be
involved in dowel shear transfer, leading to a red-
uction in stiffness of the beam so represented by
the range O-B along curves 3 in Fig. 1.

Further increase of shear load will result in
further sliding displacement, A , till the critical
crack closes at the top of the beam, as seen in Fig.
2¢. At this stage shear can be transferred also
across the concrete compression zone. The shear
displacement, A , that has occurred before the
closure of the crack, results in uneven bearing in
the newly formed concrete compression zone. Con-
sequently at a relatively low nominal compression
stress level grinding of the concrete at the
crack interfaces will occur because of the lack of
fit and the frictional shear load. The range B-C
along curve 3 in Fig. 1, illustrates this stage of

the response.

After several large inelastic load cycles,

FIG. 2 - Significant residual plastic tensile strains accumulate in the
stages if the develop- flexural reinforcement, and therefore the beam
ment of a plastic becomes longer. The shear may then need to be
hinge during reversed transferred entirely by dowel action, as is shown
cyclic loading. in Fig. 2d. Large dowel displacements, loss of

cover and the deterioration of concrete around
compression bars may eventually lead to their buckling. Clearly at this
stage a beam cannot develop its original flexural or shear capacity.

The degree and the rate of deterioration will be dependent on the
relative magnitude of shear, as measured by the nominal shear stress

v = V/bd (1)

where V = shear force, b = width of web, d = effective depth of section,
and also on the magnitude of inelastic deformations that have been imposed
on the plastic hinge zone during the preceding load cycle or cycles. It is
evident from the works of Bertero et al. (1974) (1975) and Scribner and
Wight (1978) that in this respect conventionally reinforced beams can be
placed in three broad groups:

(a) A large number of inelastic load cycles can be carried by a beam with-
out serious deterioration in energy dissipating capacity when the maximum
nominal shear stress does not exceed about 0.3V £ MPa.¥*

(b) When 0.3 < v/VY£} < 0.5, serious degradation of energy dissipating
capacity must be expected. The transition from one range to another is not
distinct.

(c) When nominal shear stresses in excess 0.5V fl MPa are to be transferred
during reversed cyclic loading, a premature failure of the plastic hinge in
a conventionally reinforced beam due to sliding shear is to be expected.

* The term /fg is to be in MPa, where £/ is the compression cylinder
strength of the concrete in MPa.
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If a plastic hinge is to dissipate significant energy, while maintaining
a reasonably stable resistance during cyclic displacements, either the
nominal shear stress across the plastic hinge must be limited, or special
detailing must be employed to control shear displacements.

THE CONTROL OF SHEAR DEFORMATIONS

To illustrate a number of possible alternatives in the detailing for the
control of sliding shear displacements, the example of a simple cantilever,
shown in Fig. 3 will be used. Conventional beam detailing, as shown in Fig.
3a should be adequate when the nominal shear stresses cannot exceed 0.3 /fT
When the shear stress is in excess of 0. 2|/fé
noticeable pinching in the hysterisis loops will,
however, become evident.

|

ﬂ

Some improvement in the response will
result if intermediate bars, placed between the
top and bottom flexural reinforcement, are

1|

1 employed, as shown in Fig. 3b. However, these
— bars should not significantly increase the
flexural capacity of the beam. In addition to

providing some dowel resistance, such bars
assist in the development of several smaller
full depth cracks. Thereby shear transfer by
aggregate interlock action will be enhanced.

|

FIG. 3 - Alternatives in Scribner and Wight (1978) found, however, that
the detailing of potential the improvement in energy dissipation was not

plastic hinge regions. very significant.

One of the most effective ways to control sliding shear displacements is
by the use of diagonal bars, as shown in Fig. 3c¢. Such bars contribute to
both the diagonal tensile and the sliding shear strength and they may be
designed to resist the major proportion of, if not the entire shear force to
be transferred across the potential full depth crack in the plastic hinge
zone. The behaviour of plastic hinges reinforced in such a way are
discussed subsequently when the detail of Fig. 3g is examined. A similar
arrangement of diagonally bent bars was used by Bertero, Popov and Wang (1974),
who demonstrated its effectiveness. The response of such beams nay be
considered to be the optimum obtainable for reinforced concrete members.

When a beam is short and relatively deep, it may be more convenient to
use diagonal reinforcement only to transfer moments and shear forces simult-
aneously. All other reinforcement serves secondary purposes only. Such an
arrangement is shown in Fig. 3d. Park and Paulay (1975) described a similar
arrangement that has been used extensively in coupling beams of tall shear
wall structures. In these, diagonal bars intersect at midspan where the
point of contraflexure of the loaded beam occurs. The excellent response of
such beams has also been identified by Barney, Shiu, Rabbat and Fiorato (1976).
Diagonal bars must be suitably supported laterally to ensure that buckling of
the compression bars can not interfere with the excellent response.

With longer and shallower beams a single set of diagonals, as shown in
Fig. 3d, may not provide sufficient moment of resistance against gravity
loading at midspan. For such spandrel beams the previous arrangement may be
slightly modified, as shown in Fig. 3e. It must be realised, however, that
yielding, extending over the inclined portion of the flexural bars, may
penetrate into the splice zone. Therefore generous transverse (stirrup)
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reinforcement is required there to improve bond transfer. The observed
excellent response of such a beam was reported by Paulay and Spurr (1977).

RELOCATED PLASTIC HINGES

The ultimate cause of failure, particularly at interior beam-column
joints, adequately reinforced for shear, is often due to the slippage of the
beam bars. Yield penetration from beam plastic hinges, immediately adjacent
to the column, reduces the effective embedment length of the beam bars and
eventually a breakdown of the bond resistance may result. Primarily to
eliminate such a bond failure it has been suggested by Bertero et al. (1974)
and Bull (1978) that in such cases the plastic binge in the beam could be
removed away from the column face. Fig. 3f shows the typical detailing of
such a plastic hinge. The flexural reinforcement is abruptly reduced at a
short distance from the column face in such a way that when the flexural
overstrength* of the hinge is developed, tensile stresses in the beam bars at
the column face can attain only the nominal yield strength. Thereby the
beam section adjacent to the beam-column joint remains elastic. Therefore
satisfactory anchorage of these bars can be provided within a joint. This
will also considerably improve the behaviour of beam-column joints.

In a recent experimental program the behaviour of such relocated plastic
hinges, which have been subjected to rather large shear stresses (Vmax = 0.5
/£L MPa), has been studied by Bull (1978). The aim of the investigation
was: (a) to observe the effect of sliding shear on energy dissipation in a
plastic hinge, (b) to measure strain variations along flexural bars of the
beam, which should show whether, with the selected position of the critical
section (Fig. 3f), yielding would occur at the face of the column. All
three tests, shown somewhat simplified in Figs. 3f, 3g and 3h, exhibited
very satisfactory performance with respect to this second aim. It appears
that the critical section of the plastic hinge need not be located further
from the beam face than the approximate depth of the beam (Fig. 3f).

The response of Unit 1, in terms of tip deflection and the applied load
P to theoretical strength P ratio, is given in Fig. 4. Four 20mm diam-~
eter intermediate bars crossed the critical section of the 500mm deep beam at
the positions shown by the broken line in Fig. 3f. It is believed that these

1
\
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- {UNIT 1 . T e

- /
_4’”‘.‘:1‘2’; a .;.O'T_. e B e i i
)

*Flexural overstrength is assumed to develop when, as a result of very large
tensile strains, the flexural reinforcement enters the strain hardening
range. For mild steel the effective overstrength is normally taken as 1.25
times the specified yield strength.
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dowel bars resulted in the very satisfactory energy dissipation capacity of
this beam, which is normally not attainable at this high level of nominal
shear stress. The beam failed by sliding shear in the 14th semicycle, after
it sustained a displacement ductility of 10 in the previous cycle. Fig. 5
shows the beam at this stage.

Fig. 3g is a sketch of Unit 2 in which it was
attempted to control sliding shear by diagonal bars in
| the plastic hinge zone. The theoretical combined
| contribution of the two sets of diagonal bars to
| transverse shear resistance was approximately equal to
} the shear force that could be developed at flexural
| overcapacity. It was found, however, that this high
| shear resistance did not develop during the test. The
| excellent response of this beam is presented in Fig.
6. Unit 2 is shown at the end of the test in Fig. 7

In Unit 3, shown in Fig. 3h, the principles
~explained in connection with the detailing illustrated

LWL Qebtdal L Y LaLluos ol Al

, S “in Fig. 3d, were studied. &as expected, with progress~
FIG. 5 - Failure of . ive cyclic loading, yielding developed over the entire

a beam by a sliding inclined portion of the bars. The response of the
shear. beam and its displacement history, which was similar

to those applied to the other two units, is presented
in Fig. 8. Particular attention was paid to the proportioning of stirrup-
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FIG. 6 - Load-displacement response of a beam FIG. 7 - Unit 2 with
diagonally reinforced in the plastic hinge.
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test,
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u as in Fig. 3h.
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ties, fitted to the diagonal bars at the bend, to prevent buckling of these
main bars when they are subjected to compression. In spite of this pre-
caution some yielding of these special ties, located at the position marked X
in Fig. 3h, has occurred. As a result a gap developed at the inside of the
bend of the main diagonal bars and due to uneven bearing eventually local
crushing of the concrete has occurred. The resulting shear displacements
caused some loss of energy dissipation, as may be seen when Figs. 6 and 8

are compared.
CONCLUSIONS AND RECOMMENDATIONS

1) From experimental information it is evident that shear forces, to be
transferred across plastic hinges of members of earthquake resisting frames,
may adversely affect both the strength and the energy dissipating ability of

such members.

2) The major cause of strength and stiffness degradation and the consequent
loss of energy dissipation in such members is the development of wide, full
depth cracks in the plastic hinge zones.

3) When the nominal shear stress is relatively small, i.e. vy < O.3/?Q:MPa,
conventional stirrup shear reinforcement, resisting the entire shear force,
will ensure that tolerable loss of energy dissipation will occur in the
plastic hinges.

4} Intermediate longitudinal bars, placed in the web of a beam between the
principal flexural reinforcement, will improve energy dissipation of the mem-
ber, because it will assist in the formation of a larger number of smaller
full depth cracks. Larger diameter short intermediate bars, which should not
contribute significantly to the flexural strength of the member, are likely
to be more efficient because of their more effective contribution as dowels.

5) When nominal shear stresses in excess of approximately O,BVEQ;MPa were
required to be transferred, various arrangements of diagonal reinforcement
were found to result in optimal seismic member performance. The skilful use
of diagonal bars can ensure that the seismic response of a reinforced
concrete beam is as good as that of a steel beam.

6) When the anchorage of the beam flexural reinforcement becomes critical,
particularly at interior beam-column joints, the relocation of the potential
plastic hinges in the beams, away from the column faces, should be considered.
This will result in the need for less joint shear reinforcement. The control
- of shear distortions by proper detailing of relocated plastic hinges should
be as summarized in the previous points. The primary aim of such beam detail-
ing is to ensure that tensile yielding along beam bars does not penetrate
into the joint core during cyclic reversed loading.

7) The critical nature of shear forces with regpect to the performance of a
potential plastic hinge will not only depend on the absolute magnitude of the
nominal shear stress to be sustained, but also on the relative magnitude of
the shear forces which may act in opposite directions. 1In most tests report-
ed, the magnitudes of the reversed shear forces applied were approximately of
the same order. Cyclic shear forces, however, are likely to be less detri-
mental when reversal does not occur because the grinding of the crack inter-
faces is then much less severe. It is suggested, therefore, that in order to
minimize the loss of energy dissipation in potential plastic hinges due to
seismic shear effects:

(a) The nominal shear stress that should be assumed to be developed in a
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beam, in which the top and bottom flexural reinforcement may be subjected to
yielding and in which only conventional stirrup shear reinforcement is used,
should not exceed at the attainment of the flexural overstrength capacity

v, = 0.3 (2+71) ﬁ‘; (2)

where r 1is the algebraic ratio of the maximum shear force developed at the
plastic hinge section when the bottom flexural reinforcement is yielding, to
the maximum shear force induced at the same section when the top beam rein-
forcement ig yielding. Its value is limited thus: - 1 < r < 0 .

(b) If the computed shear stress exceeds the value given by Eq. (2), at
least 75% of the shear force should be resisted at every section of the
plastic hinge region by diagonal reinforcement across the web.

(¢) The entire shear force should be resisted by diagonal reinforcement
if the shear stress exceeds one and one half times the value given by Eg. (2).

(d) For the purpose of these recommendations the plastic hinge should be
assumed to extend by d from the face of the support or from a similar cross

where maximum yielding due to reversed loading is

(e) When diagonal bars cross a section in two directions, the transverse
components of the diagonal tension and compression steel forces may be con-
sidered together.

(f) The shear stress in a member should not exceed O.81ffé MpPa, unless
the member is designed to carry the load by diagonal reinforcement over its
entire span.
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ROTATIONAL CAPACITY OF PLASTIC HINGE IN REINFORCED LIGHTWEIGHT
- ~ CONCRETE BEAMS

Igor TERTEA Traian ONET
Polytechnic Institute of Polytechnic Institute of
Cluj-Napoca, Romania Cluj-Napoca, Romania

SYNOPS IS

A theoretical and experimental investigation is repor-
ted of the rotational capacity of hinging regions in light-
weight aggregate concrete beams. The results of 131 beans
tests are analyzed. The variables in the tests were:shape of
cross section, yield point stress of reinforcementj,amount of
longitudinal tension and compression reinforcement.

RESUME

On présente le calcul et les vérifications expérimen-
tales concernant la rotation plastique des é1léments fléchis
en béton léger armé.Les 131 poutres essayées mettent en évi-
dence l'influence des paramdtres suivants: 1a forme de la
section transversale,la nature de 1tacier,le pourcentage de
1'armature tendue et de 1l'armature comprimée.

INTRODUCTION

The present investigation has been stimulated by the
extension of lightweight aggregate concrete utilization for
multi-storey buildings. The advantage of reducing the dead .
weight is positive for the evaluation of the inertial forces
in case of seismic actions,especially in the non-linear
dynamic analysis of structures.lhe rotation capacity of plas-
tic hinge is directly related to ductility and it becomes

173



evident in the consequent analysis for reinforced lightweight
concrete bent elements.

ASSUMPTIONS

a) At commencement of yield of the reinforcement, the
concrete compressive stresses vary with a second degree para-
bola (Fig.la);

b) At ultimate moment (Fig.1b) the concrete compressive
stresses vary with a third degree parabola,having the maximum
value fé; |

c) Tensile stresses of the concrete may be neglected;

d) The strain in the concrete may be assumed directly
proportional to the distance from the neutral axis both at
commencement of steel yield and at ultimate moment (PFig.lec);

e) The stress in tension reinforcement at ultimate mo-
ment may be obtained multiplying the yield point stress by a
behaviour coefficient m, shown in Fig.2;

f) The stress in compression reinforcement may be obtai-
ned from the strain diagram considering m.= l.

g t——b—roA et . Tt
J Acfg Agf
§: / hf S—,
A _+_xux C - C
] — O = AR =
hd - A4 e e e e
A Asf¥ ASf¥ Mg
——\ 4 * _ﬁ

B2 oy . . Jesef™

Fig.l. Conditions at yield of tension reinforcement (a) at
ultimate moment (b) and strain distribution diagram (c).

™'

1.4 L . 'I
1.3 fy=350MPa
12 —— fy=250MPc
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08

Fig.2. Variation of behaviour coefficient m, .
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CALCULATING BQUATIONS

T sections. The capacity of plastic rotation (ep) repre-
sents the difference between the rotation at failure (Gu) and
the rotation at commencement of tension reinforcement yield

e is€at .
CP

6, =6, - © (1)

Using the specific rotations (w) and the equivalent length
of plastic hinge (Rp), Bq.l may be written:

o _(fou Ee1y ¢
O = “p Qp"(wu“‘“y”p“("ie;“‘iz;)"% (2)
where
X X
s . .u .,

The relative position of neutral axis at yield (ky) and
failure (ku) moment may be determined from the equilibrium of
forces getting to the Bg.(4),(5) and (6):

2.67[n'(p+r3p')+0,5rlr2

I = 0.75[r +n'(p+p'ﬂ “14 \[ 1+ (4)
y 1 [r]+ n‘(p+p'ﬂ2
£
_ — - “_y‘” -
k= 1.33 (pm,-p*) 7 ry o (5)
if £ =
S y

2 ‘ 7z /
C, % (py= pf = rq) + \/[%— (py—~ pq - rl)] + 4 rapy s (6)

if f% < fy. Above we noted:

£ ¢ f '
. —l, I 1 2 A
P, = pm ) py =P ] (7)
1 s T3 1 £y il
: {X
Ey = 0.002 + Es (8)
b-b. h h. d
w f f 1
L5 s ol S B B SR B - (9)
w -
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Ay Ag
P =57 1 | (10)
w w
B, Eg
n' Ei (1 + ““5 f (1 + vtp) 6 o (11)
C

The variation of plastic rotation capacity with rein-
forcement ratio for two yield point stresses of steel is
shown in Fig.3

016 , , 016 S !
fc= 15.5MRa fe=155 mu
‘ p}p: 0.0 Pp=t-
o+t L=z =10 0124 \ . oo =
o = \\ e S
0104+—Wd s A 4 o010 d As WA
¥~‘—~_4bw S W d. \ +——_~—' b s p - bw d
008 4 . A’s 4Pt - A

‘ - o008 o
006 B o
il =02
0.04 N i f 04 0.04 i
. }
HANGN A\

h= 00
04 08 12

Fig.3. Variation of plastie rotation with the
reinforcement ratios p and p' for T beams.

Rectangular sections. The capacity of plastic rotation

ig determined using Eq.(2) in which

> 7<p+19p2> } (12)

ky: 0.75 n'(p+p‘)[~ 14 \/1 +

n'(p+p!

(13)

S

ko, = 1.33(pm, - p*)

if £i = £, and
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2
k, = % (py- pq) + \/[% (pq- pi)} + % T3Py (14)

'

Lf‘ i < fy‘
In Fig.4 is shown the variation of plastic rotation

with tension reinforcement ratio and the amount of compressi-

ve reinforcement, for two qualities of steel.

wp'd
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005 \. fe=155MPa 005 f¢=155MFa
00t fy= 350MPa 00L fy=250MPa
03 BB 1 O Bp=1.00
2050 N PZ075
0.02 N =025 4 002 N ~ =8§g e
\ =000 \ ~N =0,
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0.01 ] 0.0 =3 o—
g\ 0 \\
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Pig.4. Variation of plastic rotation with the reinfor-
cement ratios p and p', for rectangular beams.

LXPERINVRITAL TESTS

115 rectangular and 16 T~ shaped beams were tested.The
amount of tension reinforcement was ranged between 0.07 and
2.87 %. All specimens were with a span between supports of
300 em and were tested with equal loads applied at each one
third of span. The characteristic value of compressive strength
of a lightweight aggregate (expanded clay) concrete was 15.5
KMPa.
| Tests results pointed out a linear variation of com-
pressive strain of concrete (gol) at commencement of the ten-
sion reinforcement yield with the reinforcement ratio, as
shown by Fig.5.At ultimate moment the average value of the
compressive strain of lightweight concrete may be considered
€y = 445 Yoo o
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For T - beams the ratio between calculated and experi-
mental values of plastic rotation capacity vary between 0.70
and 1.2%,

£C1°/oo
4.0
i ® / ‘ ep
3.0 ¥ e 150015 —— ;
} I 0o |[* & f,=350MFa
r %) ® = MP
20 . “\ 2 10001 —ei—o 4l 2 fy =250 MPa
@ — —
) €= 116(p%e)+024 = N .o |normal concrete
10 — 1850 x 500 S o P
® O
00 P p O/o 7; 0 J?-T - 4 D:/o
T00 05 10 15 20 25 30 W 05 10 15 20 25 30

Fig.5. Variation of compressive Fig.b. Experimental values of
strain of concrete at yield plastic rotation of light-
moment. weight concrete.

For rectangular simple reinforced beams, the experimen—
tal values of the plastic rotation capacity are represented by
Fig.6 in comparison with the values obtained by J.C.Maldague
[1] for normal concrete.

Statistically processing the test results of rectangular
beams led to following laws concerning the variation of plastic
rotation capacity with the reinforcement ratio and yield point
stress:

— C
6, = 0.367 p 0-919 " for f, = 350 MPa (15)
6, = 0.616 p~1ed35 " por £, = 250 WPa (16)
The influence of compressive reinforcement ratio on
20}99 zo‘ep plastic rota-
] sa 7p =00 i 3@'%5888 tion capacity
Q153 ———bc =050 15 oc- =050 of rectangular
Z L = N ad =075 2 sd. =075 beams is Tenre-
D10l b a Yo =100L <51 gR¢ o |ve =100 SRE AB hephe
< \ 2' WA F  |lfy=250MPqgl gented by the
i N AN k%““““ )
T 05 ‘$§\ § v?05 ’ ‘;\%g curves series
T , , .

S qufOMR?Wy = \%§%§§g D% in Fig.7 where
! i a 1 ‘O i 1 (81 1 e o
0006520 30 036 30 4b the test re-
Fige.7. Comparison of calculated and measured sults are also
plastic rotation for double-reinforced rectan— ven.
gular beams. gLven.
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CONCLUSIONS

Study of factors influencing the plastic rotation ca-
pacity of lightweight reinforced concrete bent elements led
to the following conclusions:

@ The plastic rotation capacity increases with the de-
crease of yield point stress of steel and with the increase
of concrete quality.

® The plastic rotation capacity increases with the de-
crease of tension reinforcement ratio and with the increase
of compression reinforcement ratio.

® The provision of g flange in the compression zone of
beams is advantageous for the plastic rotation capacity.

Qualitatively considered, the above conclusions are
similar with those in normal concrete beams.

® The structural lightweight aggregate (expanded clay)
concrete, having the compressive strength between 20 and
30 MPa, presents higher plastic rotation capacity than nor-
mal concrete at the same reinforcement amount. This finding
may be of particular interest in dynamic analysis of struc-
tures for seismiclloadings.

APPENDIX -~ Notations

Jc - modulus of elasticity of concrete;
By, - modulus of elasticity of reinforcing steel;
fc - compressive strength of concrete at commencement of

tension reinforcement yield;

fé - ultimate strength of concrete;

fs - s8tress in tension reinforcement;

f! - stress in compression reinforcement;
o

f - yield point stress of tension and compression

y reinforcement;

k - relative depth of neutral axis at yield of tension
J reinforcement;

ku - relative depth of neutral axis at ultimate moment;
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2

- behaviour coefficlent of tensile reinforcement;
- ratio of long-time loading to the total one;

- maximum concrete compressive strain at commencement
of tension reinforcement yield;

- maximum concrete compressive strain at ultimate
strength;

~ characteristic of long-time strains of concrete.
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REINFORCED CONCRETE BEAMS UNDER REVERSED CYCLIC TORSIONAL

LOADING
Michael P.COLLINS Sithambaram CHOCKALINGAM
University of Toronto University of Toronto
Toronto, Canada Toronto, Canada
SUMMARY

Three nominally identical reinforced concrete beams were subjected to
three different histories of pure torsional loading. The first was loaded
monotonically to failure, the second was subjected to repeated applications
of non-alternating torsion, while the third was loaded under reversed cyclic
torsion.

The observed response of these three beams is discussed and compared
with the predictions of the compression field theory. The significant
deterioration in the ability of the concrete to resist reversed cyclic dia-
gonal compression is demonstrated.

RESUME

. Trois poutr%s én‘béton armé, nominalement identiques, ont %té soumises
a trois cas différents de chargement en torsion pure. La premiere poutre
fut soumise a un chargement monotone jusqu'a la rupture, la deuxieme a des
efforts de torsion répétés dans le méme sens, et la troisiéme a une torsion
cyclique alternative.

Le comportement de ces trois poutres fait le sujet d'une discussion,
puis d'une comparaison avec les prédictions de la théorie du champ de
compression. La détérioration sensible de la capacité du béton a supporter
des efforts périodiques alternatifs de compression diagonale est mise en
évidence.

INTRODUCTION

To date nearly all studies aimed at predicting the behaviour of rein-
forced concrete structures under seismic action have restricted their atten-
tion to two-dimensional structures. The state-of-the-art has now reached
the stage where it is appropriate to give consideration to the three-
dimensional nature of actual structures. Tests on model three—~dimensional
structures, (Wilby, 1975), have demonstrated that for the typical slab-beam-
column reinforced concrete building, the torsional response of the beams has
a significant influence on the overall behaviour of the structure.

A research programme at the University of Toronto aims to contribute to
the understanding of the behaviour of three-dimensional structures by
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developing rational models capable of predicting the response of reinforced
concrete members subjected to any combination of the six possible internal
stress resultants (i.e. torsion, vertical moment, lateral moment, axial
load, vertical shear and lateral shear). This paper will concentrate on
describing just one phase of this long term programme in which the response
of reinforced concrete members under repeated pure torsion, both alter-
nating and non-alternating, was studied.

EXPERIMENTAL PROGRAMME

Three nominally identical beams, Rl, R2 and R3, were loaded in pure
torsion using the test rig described in Fig. 1.

Spherical rod ends

To reverse the torque the loading
and the holding arms are moved
to the opposite sides of the beam.

Fig. 1: Torsional Test Rig

All three beams were square sor " INCRACKED OBSERVED BEHAVIOR~RI
i - UNSPALLED
and hollow with cross b PreoicTion

§ect%onal properties as shown woll FoLLY CRACKED,
in Fig. 2. The hoops had A Fl.m.vcsplgt,ifn
v . LS8 PREDICTION
centre-to—centre dimensions T 7
(kNm) 7 s UNLOADING
of 340 mm by 340 mm, were ‘0 yd
made from #3 bars (properties

Hoops:
2 3bars at OOmm
spacing

given in Fig. 3), and were
anchored with 105° bends with 20
16 bar diameter extensions.

Longitudinal Steel:
B & Spars

]
o 10 20 30 40 50x1073
¥ (rod/m)

Fig. 2: Torque-Twist Response of
Beam R1 ~ Monotonic Loading
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The longitudinal steel consisted coor

of #5 bars, the properties of
which are described in Fig. 3. sool- #3BAR
A separate batch of ready-mixed . .
. . ty #5BAR~ __———"""
concrete with a maximum 5 400 B
aggregate size of 10 mm was weay |5, [T
used to cast each of the beams. 300} {
#3 BAR #5 BAR
Area =70mm? Area =200mm?
Beam Rl was loaded mono- 2001 fy = 415MPQ fy=377MP0
N » = = M
tonically to failure, beam R2 ; fy=679MPa fus6s9MPo
was tested under repeated 100,
applications of unidirectional o ‘ | l [ | 1 . |
torsional moments, while o 2 4 E 0 2 14 lexo
beam R3 was tested under re- €
peated applications of torsion Fig. 3: Characteristics of the
alternating in direction. Reinforced Used

The specific loading histories
will be described in more detail in the sections below.

BEAM R1 - MONOTONIC LOADING

Beam Rl was tested 67 days after casting at which time the concrete
cylinder strength, fé, was 34 MPa. The continuously recorded torque-twist
curve for this beam is reproduced in Fig. 2. During the test the movement
of the loading jack was stopped a number of times to enable strain readings
to be taken. These readings took approximately half an hour to complete.
The relaxation of torsion that occurred during the reading time at each
load stage can be seen in Fig. 2.

Also shown in Fig. 2 are two predicted torque-twist relationships for
beam Rl. One, the uncracked prediction, is based on Bredt's equation for
thin walled elastic beams and on assuming the shear modulus of the concrete,
G, to be 500 £.. The other prediction is based on the compression field
theory, Mitchell and Collins (1974), which assumes that the concrete is
fully cracked (i.e. no contribution of concrete tensile stresses). In cal-
culating this prediction it was assumed that the concrete cover outside the
hoop centreline had spalled off. Further the concrete stress-strain curve
was assumed to be parabolic with the peak stress, fl, being reached at a
strain of 2.3 x 10°° (this value was determined from the cylinder tests).
For the steel the stress-strain characteristics shown in Fig. 3 were used.

It can be seen (Fig. 2) that prior to diagonal cracking, which occurred
at 17 kNm, the beam followed closely the elastic prediction. After cracking
the observed torque-twist curve became approximately parallel to the fully
cracked prediction but remained some distance above it. At any particular
twist the measured strains were in good agreement with those predicted by
the compression field theory. For example, at a twist of 32 x 107° rad/m
(which corresponds to load stage 7) the theory would predict that the
tensile strain in the hoop steel, €}, would equal 1.87 x 1073, the tensile
strain in the longitudinal steel, €y, would equal 1.31 x 10-% and the dia-
gonal compressive strain in the concrete, €4, would equal 1.25 x 1073, At
load stage 7 the 24 hoop strain readings (gauge lemgth = 200 mm) gave a
maximum value for €, of 2.56 x 1077, a minimum value of 1.27 x 10~? and an
average value of 1.98 x 107%. The 20 longitudinal steel strain readings
(gauge length = 200 mm) gave a maximum value for €y of 1.90 x 103, a mini-
mum value of 0.75 x 107° and an average value of 1.33 x 107%., The 40 dia-
gonal concrete strain readings (gauge length = 100 mm) gave a maximum value
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for g4 of 2. 09 x 1073, a minimum value of 0.72 x 10”2 and an average value
of 1.14 x 1073

The maximum torque applied to beam Rl was 78 kNm at which stage the
load began to gradually drop. For this beam the diagonal compression field
theory predicts an ultimate torsional capacity of 79 kNm.

BEAM R2 - REPEATED NON-ALTERNATING LOADING

The testing of beam R2 started 18 days after casting, at which time
the concrete cylinder strength, £, was 37 MPa. This beam was subjected to
repeated applications of predetermined levels of torsional moment. Increas-—
ing the applied torque from zero to the predetermined level and then unload-
ing back to zero was described as one cycle of loading. The torque-twist
response of the beam produced by these load cycles is described in Fig. 4.

80

Beam RI — lnonotomclocdmg\\ /

/
Ai 12 14, 'G‘.l '8 20 28,
60 / 2

(kNm)

40

20

601073

Yr{rad/m)

Fig. 4: Torque-Twist Response of Beam R2
-~ Repeated Non-Alternating Loading

As can be seen in Fig. 4, the predetermined level of torque for the
Fivst 10 cycles was 49 kNm. In the loading phase of the first cycle the
rohaviour of the beam was very similar to that of beam RL (the torque-twist
curve of Rl is also shown in Fig. 4), except that diagonal cracking occurred
at a somewhat higher torque (18 kNm). After unloading to zero torque con-
siderable strains and deformations still existed in the member. Thus at the
end of cycle 1 the average tensile strain in the hoop steel, €,» was
0.19 x 10™ )’ the average tensile strain in the longitudinal steel, €9, was
0.15 x 1073, while the average diagonal compressive strain in the concrete,
£€q, was 0.22 x 107 . Due to the fact that the cracks did not completely
close the beam was, in effect, at this stage ''prestressed" with the steel
being in tension and the concrete being in compression. Thus when the
torque was again applied in cycle 2 the initial stiffness of this
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"prestressed" beam was nearly equal to the elastic, uncracked torsional
stiffness. Once the cracks reopened the stiffness dropped rapidly after
which the torque-twist response became nearly linear as the torque returned
to the previous level. With each cycle of loading the strains and deforma-
tions increased but with a smaller increase for each successive cycle. By
the end of cycle 10 the average strains at zero torque had increased to
0.32 x 107° for g, 0.29 x 10 ° for €y and 0.34 x 10 ° for 4.

For cycles 11 through 30 the beam was taken to a torque of 61 kNm. At
this load level the torque-twist loops became narrower as cycling progressed
(compare cycle 20 and cycle 11 in Fig. 4).

Five load cycles (31 to 35) were performed at a torque of 67 kNm and
then in cycle 36 the torque was increased to 76 kNm. The capacity of the
beam was exhausted in cycle 39 as it was not possible to again reach 76 kNm.
The test was completed 32 days after casting at which time the concrete
cylinder strength was 38 MPa.

BEAM R3 ~ REVERSED CYCLIC LOADING

The testing of beam R3 started 57 days after casting at which time the
concrete cylinder strength was 37 MPa. Once again increasing the torque
from zero to a predetermined level and then unloading back to zero was des-
cribed as one cycle of loading. For this beam the direction of the torque
applied in each cycle was alternated (odd numbered cycles have positive
torque, even numbered cycles have negative torque). The observed torque-
twist response for the beam is summarized in Fig. 5.

80T BEAM RI- MONOTONIC LOADING

P P
-— \v/ N,

Fig. 5: Torque-Twist Response of Beam R3
- Reversed Cyclic Loading

For beam R3 as for R2, the predetermined level of torque for the first
10 cycles was 49 kNm. As expected during the first cycle the behaviour was
essentially identical to that of R2 (cracking occurred at 19 kNm). Under
the reversed torsion, in the second cycle, the second set of diagonal cracks
(see photograph in Fig. 5) began to form at a torque of -19 kNm. Thus the
pre-existing cracks did not reduce the torque required to produce cracks in
the other direction. The pre-existing cracks did, however, reduce the
"uncracked" torsional stiffness by about 60%. After the third cycle the

185



torque-twist loops became noticeably "pinched" with large deformations
occurring at low torques due to the need in each cycle to first close the
cracks formed in the previous cycle.a Thezpeak—to—peak torsional stiffness
of the loops decreased from 3.3 x 10  kNm~ for the loop formed by cycles 1
and 2 to 2.8 x 100 kNm for the loop formed by cycles 9 and 10. It is of
in%eresg to note that the predicted uncracked stiffness (Fig. 2) is334.52x
10" kNm while the predicted cracked stiffness (Fig. 2) is 1.9 x 10  kNm'.

After cycle 10 the predetermined level of torque was set at 61 kNm.
For cycles 11 to 20 this predetermined torsional magnitude was reached.
During this cycling the geak—to—peak torsional stiffness of the loops de-
creased to 2.2 x 10° kNm?. It was noticed that at this stage in the life
of the beam the pattern of steel strains at any particular twist was quite
similar to the pattern observed in the monotonically loaded beam at the
same twist. Thus at the peak of cycle 15 (twist equals 32 x 10~% rad/m)
the maximum value for €, was 3.52 x 1073, the minimum value was 1.27 x 1073
and the average was 1.92 x 10™°, while the maximum value for €9 was 1.90 x
10'3, the minimum was 0.70 x 10”2 and the average was 1.15 x 108 (compare

.
i P Ty A A - Tand ciacas 73
these values with those reported above for Rl at load stage 7).

During cycle 21 difficulty was experienced in reaching the predeter-
mined torque level, however a torsion of 63 kNm was finally applied. By
this stage the deformations had become concentrated at a few of the cracks
leading to a much wider scatter in the recorded steel strains (Eh: -~ max. =
4.69 x 107%, min. = 1.46 x 1073, avg. = 2.34 x 107%; €gt - max. = 4.60 x
1073, min. = 0.55 x 1078, avg. = 1.50 x 107%). When the torsion was re-
versed in cycle 22 it was not possible to increase its magnitude beyond
=57 kNm. Cycle 23 was the last cycle applied with the maximum torque
reached being 45 kNm. The test was completed 124 days after casting at
which stage the concrete cylinder strength was 43 MPa.

DISCUSSION OF TEST RESULTS

The torsional capacity of the monotonically loaded beam, R1, was
accurately predicted by the compression field theory (see Table 1). How-
ever, as this theory ignores the contribution of tensile stresses in the
concrete (in particular the "tension stiffening" of the reinforcement by
the surrounding concrete) it overestimated the deformations.

Table 1: Behaviour at Ultimate

oy Avg. Crack

fC Spacing Ultimate Torque (kNm) Obgerve—c—i_—
Beam (MPa) (mm) Observed Predicted Predicted
R1l 34 95 78 79 0.99
R2 38 70 76 81 0.94

R3 43 85 63 82 0.77

The repeated application of unidirectional torques in the case of
beam R2 caused more cracks to form (see Table 1) destroyed much of the ten-
sion stiffening effect, and hence took the deformations close to or even
somewhat beyond (+ 10%) those predicted by the compression field theory.
This repeated loading caused only a small reduction (about 5%) in the capa-
city of the beam.
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The repeated opening and closing of the diagonal cracks in the case of
beam R3 (reversed cyclic loading) caused a significant reduction in tor-
sional capacity (see Table 1). The beam failed at a torque which was only
77% of the predicted monotonic capacity. It is estimated that the average
diagonal concrete stress at failure was about 23 MPa (i.e. 0.53 fé).

CONCLUDING REMARKS

The experiments described in this paper demonstrate that the repeated
application of unidirectional torques cause a significant increase in
twist but only a small reduction in ultimate torsional capacity. Further
they show that reversed cyclic torsion will cause a significant increase in
twist and a significant reduction in torsional capacity.

The torque~twist curve for a monotonically loaded beam provides an
approximate envelope to the torque-twist curves for otherwise identical re-
peatedly loaded beams both alternating and non-alternating.

The complete torque-twist curve for a beam subjected to reversed cyclic
torsion can be predicted by the compression field theory if the appropriate
stress-strain characteristics are known. In particular the stress-strain
response of concrete diagonally cracked in both directions is required.
Experiments currently underway at the University of Toronto are designed to
produce information in this area.
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STUDY ON LOW~CYCLE FATIGUE STRENGTH OF POST~TENSIONED UNBONDED
PRESTRESSED CONCRETE BEAMS '

Hiroshi MUGURUMA
Kyoto University
Kyoto, Japan

SUMMARY: Low-cycle flexural fatigue tests were carried out on 22 unbonded
prestressed concrete beams and the fatigue strength as well as the failure
mode were compared with those from corresponding 22 bonded beams. Test re-
sults showed that the beams were failed in fatigue crushing of concrete in
compression zone at midspan section, excepting 4 unbonded and 5 bonded beams
failed in fracture of prestressing steel bar at anchorage end or at midspan
section. However, no obvious differences in fatigue strength were recognized
between unbonded and corresponding bonded beams without regard to the failure
mode. :

RESUME: Des essais de fatigue a flexion de bas cycle furent effectues sur
vingt deux poutres en béton pretontraint par non-adhérence. La résistance 2
la fatigue et le mode de rupture furent comparés entre les vingt deux autres
poutres en béton précontraint par adhérence et les premidres qui se corre-
spondent. I1 fut obvervé que les pourtres ont cédé en leur partie médiane a
cause du broyage de fatigue de béton, & l'exception de quatre pourtres par
non-adhérence et cinq poutres par adhérence qui ont cédé en leur partie mé-
diane ou aux extrémités d'ancrage, a cause de la fatigue de 1'acier précon-
traint. Cependant, quelque soit le mode de cession, aucune différence re-
marquable n'apparut pas entre la résistance de fatigue de poutre par adhéren-
ce et celle de poutre par non-adhérence qui correspondent aux premiéres.

1 INTRODUCTION

The use of unbonded tendons for beams and girders is only occasionally
because of a doubt for the safety against the fracture of tendon or tendon-
anchorage assembly under repeated high-over cyclic loads due to the seismic
action!),2) Several cyclic loading test results on unbonded beams were pre-
sented by H. W. Chung3), Y. Miyamoto, et al”), or T. Br¢ndum-Nielsen5§.
However, these tests were mainly carried out under the cyclic loadings having
relatively medium maximum load level, for instance, from the design working
load to 75 % of the static flexural strength of beam. In this study, to ob-
tain the basic information on the asismic behaviour of unbonded member the
low-cycle flexural fatigue tests were carried out on 22 unbonded and corre-
sponding 22 bonded beams prestressed by 1-¢17mm dia. post-tensioning steel
bar. Maximum load levels of applied cyclic loadings are from 60 to 90 % of
static ultimate strength, where minimum load level is about 5 %. The test
results on the unbonded beams were compared with those on bonded beams in
terms of fatigue strength, failure mode and stress fluctuation in prestress-
ing bar at anchorage end and at midspan section, etc.
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2. TEST SPECIMENS

The dimensions of unbonded and bonded beams used in the tests are 15 x
18 cm in cross section and are 90, 126 or 162 cmin length as shown in Fig.l.
The beams were prestressed by 1-¢17mm dia. post-tensioned steel bar in the
constant eccentricity of 3 cm. The bar used in the unbonded specimen is
coated with bitumastics, while non-coated one in the bonded beams is grouted
by cement paste after prestress transfer. As the end anchorage system,
rolled thread-nut anchorage with steel bearing plate was used, which is
commonly used in Japan as the end anchorage of post-tensioning steel bar.
In addition, the shear reinforcements necessary to prevent the shear failure
under cyclic loadings were provided in the shear span of beams.

Stirrup
{ , €=3cm $6mm @10cm{ .
%l :/Lli Teimtmd—t e i - Series A(6 unbonded, 6 bonded )
1 144 !
7' k- | 163 +Series B3 = Series A

Stirrup ®6mm @5cm J/

bt eaE - 5 Series BQ Series BT
17mm dia/ ! | - 72_J ] (3unbonded, 3 bonded)

Prestressing bar |

Stirrup #6mm @10cm | y
S Emuis il s iy (Series B2
| L 108 l (6 unbonded, 6 bonded) -
f 126 ] .
. - a _1_ 2 a4/D=2(3 unbonded, 3 bonded)
PO @10cm_L§'}—* -ttt )i Series CC a/D=3(6 unbonded, 2 bonded)
| b %éli - | a/D=4 = Series A

Shearspan depth ratio @/D=2,3 and 4
Fig.1 Test specimens

High-early strength portland cement, river sand and crushed stone gravel
were used for concrete. The mix porportion of concrete was 1 : 1.62 : 2.60
by weight with the water-cement ratio of 37 %. 1In Table 1, the properties
of concrete at 28 days as well as at the age of cyclic high-over 1loading
tests are listed.

Table 1. Properties of concrete and neat cement grout

Materials At 28 days At the age of beam test
and Compressive} Tensile Elastic Test ages | Compressive Jensile Elastic
s strength strength moduius in strength strength modulus
test series in kg/cm? |in kg/cm? | in kg/cm? months in kg/cm? in kg/cm? in kg/em?
A 593 42.8 384,000 3-6 574 - 611 | 35.1 - 43.9 | 327,000~ 357,000
Concrete 8 547 43.2 329,000 3I- 1 532 - 594 | 39.5 -~ 43,0 | 315,000 - 323,000
c 495 31.1 355,000 4 -7 512 - 536 | 36.7 - 38.6 | 311,000 - 326,000
- 213 - 245
Neat cement grout Compressive strength . At 7 days
2
in kg/cm At 28 days (at the age of beam tests) 254 -~ 280
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In Table Table 2. Properties of 17mm dia. prestressing bar
2, mechanical

properties of ‘ ,
$17 mm dia. Yield strength| Tensile strength | Elongation
prestressing in  kg/mm2 in  kg/mm? in %

bar used in

the tests are Ordinary part 134 142 1
summarized

with those of Threaded part 133 135 Not measured
anchorage as- \

sembly. It .

can be seen Specified value >110 >125 >5

from Table 2
that the end anchorage assembly shows the yield strength as similar as that
of original part of bar, while the tensile strength becomes smaller than that
of original part.

Test specimens were cast in the wooden mould in diving three series as
shown in Fig. 1. After casting, they were wet-cured until 28 days. At 28
days before tests, the bonded beams were prestressed in the nominal prestress-
ing force of 22.5 tons and were immediately grouted by neat cement paste
having the water-cement ratio of 45%, where the expansive admixture was added
for preventing the shrinkage. The compressive strengths of neat cement grout
at the age of beam tests are also listed in Table 1. After decreasing the
transferred prestress due to the creep and shrinkage of concrete and relaxa-
tion of prestressing bar, the effective prestressing force in bonded beams
becomes 19.25 tons (84.6 kg/mm?) in average at the test age, which corresponds
to the stress of 63 % of the actual yield strength or that of 60 % of the ac-
tual tensile strength of bar listed in Table 2. Referring to such value in
bonded beams, the nominal prestressing force of 20 tons was transferred into
the each unbonded beam just before loading test. The prestressing force ac-
tually transferred into the unbonded beams was 20.26 tons (89.03 kg/mm?) in
average, which is 66 % of yield strength or 63 % of the tensile strength of
bar.

3. TEST PROCEDURE

Low-cycle fatigue loading tests were carried out at the different ages
from 3 to 11 months in dividing into three series. In Series A and C, the
beams of 162 cm in length were used. In Series A, the concentrated load was
applied at the center of beam as shown in Fig. 1, while two-point loads were
applied in Series C for obtaining the effects of the shear span length upon
the low-cycle fatigue behaviour of beams. 1In Series B, three different
lengths of beams, that is, 90, 126 and 162 cm, respectively, were tested by
concentrated load.

The first unbonded and corresponding bonded beam in each series were
loaded monotonically to obtain the static ultimate flexural moment as well as
the initial cracking moment. Remaining beams were tested under cyclic loads
with the maximum load levels from 60 to 90 % of static wultimate  flexural
strength, where the static initial cracking strength obtained from monotonic
loading tests was 55 % of ultimate strength. The minimum load level was kept
in 5 % of static flexural strength in each beam during cyclic loadings. The
loading speed was controlled as 200 cycles per minite in average. The fluc-
tuation of tensile force in prestressing steel bar due to cyclic loadings was
measured at the midspan section as well as at the anchorage ends.
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4. TEST RESULTS AND DISCUSSIONS
(a) Fatigue Strength and Failure Mode

Fatigue strenths obtained from the cyclic loading tests on unbonded
beams in each series are shown in Fig. 2 in comparison with those obtained
from corresponding bonded beams, where the number of loading cycles after
failure are plotted against the maximum load levels of cyclic loadings. The
load cycles sustained until the fracture were varried from 500 to more than
2,000,000 cycles as shown in Fig. 2, where less fatigue load cycles corre-
spond  to larger
maximum load level
of cyclic loadings.

The fatigue
failure was caused
mainly by crushing
of  concrete in
- compression zone
near midspan sec-
tion without re-
gard to unbonded
or bonded. Only 4
unbonded beams were
failed by the
fracture of pre-
stressing bar at
anchorage end,
while 5 bonded
beams by the frac- LV L
ture of bar near 0.60'1 . 1 10
midspan section or @ Number of loading cycles until fracture (x10%)
at anchorage end. rig 2 Comparison of fatigue strength between bonded
Such failure mode - and unbonded beams.
mainly appeared in
the beam having the loading condition of relatively smaller shear span length,
say, in the case of shear span-depth ratio less than in this study. Also,
it is apparent from Fig. 2 that it was concentrated in the case of maximum
load level from 65 to 75 % of the static beam strength in Series B and about
80 % in Series C.

As the fatigue strengths concern, the comparison of the test results
illustrated in Fig. 2 shows that no obvious differences can be recognized
between unbonded and corresponding bonded beams. Also, it may be interesting
that the fatigue strength seems to be not governed by the fracture of bar at
anchorage end or near midspan section. Thus, so far as the test results in
this study it can be concluded that the unbonded beams have the structural
safety against the cyclic high-over loadings as similar as bonded ones.

j (OBeams failed by the fracture of bar at anéhoraqe or midspan portion.

o
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(b) Effects of the Shear Span Length upon the Fatigue Strength

Fatigue flexural strength of beam is much influenced by the shear span
length. This can be seen from the comparison between the test results on
Series A and Series B in Fig. 2, where the shear span-depth ratiois 4 in the
former, and 2 and 3 in the latter. The smaller shear span-depth ratio results
in the smaller endurance load cycles in this study. As a reference, the test
results on unbonded and corresponding bonded beams with different shear span-
depth ratio subjected to the cyclic loading with maximum load 1level of 74 %
of static beam strength are listed in Table 3.
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Table 3. Effects of the shear span length upon the fatigue strength*
Test { Beam Bonded J]length of | Span {Shear span-| Ratio of maximum Loading cycles :
- or beain length depth load level to static ) Mode of failure
series] No. Unbonded in cm in cm ratio beam strength in % | after failure )
' Fracture of bar &t
A -3 | Unbonded 73.2 1,300,000 anchorage end
A 164 144 4 -
A' -3 Bonded 73.5 810,000 Crushing of concrete
B2 -3 |} Unbonded 70.2 640,000 Crushing of concrete
B 126 106 3 -
) Fracture of bar near
B'2-3 Bonded 73.4 185,0QO midspan section
Fracture of bar
B1 -3 ] Unbonded , 73.7 80,600 anchorage end
C 92 72 2 - -
B'1-3 Bonded 73.4 62,000 Crushing of concrete

* The concentric cyclic Yoad was applied at midspan of each beam.

In Table 4, the test results under maximum load level of 80 % of static
beam strength obtained from 3 unbonded and corresponding 3 bonded beams hav-
ing various flexural span lengths in Series C are listed. It seems from Table
4 that in a case where the failure of beam takes place due to the crushing of
concrete at midspan section the fatigue strength becomes smaller with in-
crease of flexural span length (that is, with decrease of shear span length)
for both unbonded and bonded beams. But Beam No. Cl-1 and C'l1-1 having
largest flexural span length (that is, having smallest shear span length) in
this study and failed in the fracture of prestressing bar at anchorage end
showed excessively larger fatigue strength than Beam No. Cl-2 and C'l-2.
Although the reason of such test results can not be explained from the ex-
periments, it may be noted from Table 4 that the increase of flexural span
length with decrease of shear span length results in the fatigue fracture of
bar at anchorage end in unbonded beam and also even in bonded beam because
of the rapid bond deteriorations of prestressing bar in the shear span.

Table 4. Effects of the shear span and the flexural span Tengths upon the fatigue strength

Beam Bonded Length of} Span Shear span Ratio of maximum Loading cycies
or beam length length in | Toad level to static Mode of failure
No. Unbonded in cm in om cm* beam strength in % after failure ’
' Fracture of bar
1 -1 36 (2) 79.4 341,000 at anchorage end
C1 -2 | Unbonded 164 144 54 (3) 79.4 97,000 Crushing of concrete
c1 -3 72 (4) 77.3 108,000 Crushing of concrete
| P Fracture of bar
€'1-1 36 (2) 80.2 577,000 at anchorage end
c'1-2 Bonded 164 144 54 (3) 80.2 43,000 Crushing of concrete
C'1-3 72 (4) 80.2 103,000 Crushing of concrete
* The shear span-depth ratio is Tisted in double brackets.
(¢} Fluctuation of Tensile Stress in Prestressing Bar

During the cyclic loadings,

the fluctuation of tensile

stressing bar was measured at anchorage end and at midspan
unbonded and bonded beams.

of cyclic loading to the static flexural strength of beam.

’
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and then the steady  states
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the fatigue failure of beam.
This means the rapid deterio-
ration in bond between the sur-
face of prestressing bar and
neat cement grout in a very
early stage of cyclic loadings.
Here, as a reference the bond
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difference between the tensile
stress fluctuation in prestress-
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These residual differences

becomes 0 to 1 ton in the
bonded beams of Series B
and become almost 0 in

those of Series C, where the

span length of beams.

Fig.5 Change in the difference of fluctuation in tensile force of

prestressing bar under cyclic loading between at the
midspan and at the anchorage end(Series A, Bonded)

smaller value was observed in the smaller shear
Thus, from these results it can be stated that the fa-

tigue behaviour of bonded beams becomes quite similar as unbonded ones due to

the rapid bond deterioration

and also due to the resulting smaller residual

differences in stress fluctuation in bar between at anchorage end and at mid-

span section.
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(d) Fatigue Strength of Prestressing Bar

For predicting the fatigue strength of prestressing bar from the results
on the beams failed in the fracture of bar at anchorage end or near midspan,
the average value of stress fluctuations during cyclic loadings were obtained
from the measurements at anchorage end or at midspan section in correspond-
gnce to the portion of fracture in bar. The results are summarized in Table

Average fluctuation of tensile stress in bar obtained from

Table 5. the beams failed by the fructure of bar.

Bonded Effective ' Corresponding Ratio of maximum bAverage fluctuation | Number of Toad
Beam No. or Prestressing stress in load level to static| of tensile stress cycles after

Unbonded force in tons kg/mm? beam strength in % in bar in kg/mm? failure
A -~ 3* | Unbonded 20.23 88.9 73.2 ) 7.25‘ 1,300,000
B1 .~ 2* | Unbonded 20.14 88.5 70.2 10.74 355,000
B1 - 3* } Unbonded 20.29 89.1 73.7 ’ 14.65 80,600
B'1 - 2 éonded 18.75 82.4 66.8 12.30 ) 488,000
B'2 -3 Bonded 19.61 86.2 66.8 12.50 ) 1,370,000
B'2 ~ 4 Bonded ]9.40 85.2 73.4 14.72 185,000
€1 -~ 1* | Unbonded 20.39 89.6 79.4 12.85 341,000
[N Bonded 20.02 88.0 80.2 12.85 577,000
¢'2-3 Bonded 18.79 82.6 78.3 14.09 1,380,000

(Symbol + shows the beam failed in the fracture of bar at anchorage end. Remaining beams
were failed in the fracture of bar near midspan section)

In Fig. 6, the average stress fluctua- From tensile fatigue tests on bar itself.

. . - . 20

tions in bar listed in Table 5 are & \V N
plotted against the endurance number of £ AN

loading cycles after beam failure. The 215 =o=—e] \ I
tensile fatigue test results of pre- < \a:ib'[‘\-'— N
stressing bar itself and anchorage 510 2 N
qssembly itself are also plotted in Fig. 2 | From cyclic loading testsN,_ N
6, where the minimum tensile stress 55 on beam specimens. | © |
level of 88 kg/mm2 is adopted in corre- ﬁ ~~—~=-8 Qriginal part of bar
spondence to the nominal effective pre- & © Anchorage end of bar
» . I L

stressing force of 20 tons adopted in 05620 50 100 200 500 1000
17 mm dia. prestressing bar in t}]is Nurnber of load cycles after fracture(x]Ol’)
study. The comparison showed that the Fig.6 F:\tigug strte;ngth OL.1t7rgT dla.tﬁre— ’
“atioue : stressing bar predicted from the cyclic
’ra.jz.lgue strength of bar at ordinary loading tests on bonded and unbond-
part or at anchorage end obtained from ed beams.
beam tests becomes smaller than that (Lower limit of bar stress=88kg/mm?)
obtained from tensile fatigue tests on
bar itself or anchorage assembly itself. This fact is also pointed out by

T. Br¢ndum-Nielsen in the cyclic loading tests on the unbonded beams pre-
stressed by 12 - 467 mm dia. B. B. R. button head cable®). And further, it
appears from Fig. 6 that in the beam tests the fatigue strength of bar at
anchorage end becomes quite close to that at midspan section with increase
of the maximum load level of cyclic loadings. On the contrary, in the ten-
sile fatigue tests on bar itself the anchorage assembly sustained without
fracture the same loading cycles in the two-third of stress amplitude in
original part of bar. However, considering the test results that no evident
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differences can be recognized in the fatigue failure strength of beam itself
between unbonded and corresponding bonded beams, such a decrease in fatigue
strength at anchorage end in tensile fatigue tests seems to have no signifi-
cant influence upon the fatigue flexural strength of bean.

5. CONCLUSIONS

High-over cyclic loading tests with various maximum load levels from
60 to 90 % of static flexural strength of beam were carried out on 22 un-
bonded and corresponding 22 bonded beams prestressed by 1-¢17 mm dia. pre-
stressing bar. Test results showed that the beams were failed mainly in
fatigue flexure by crushing of concrete in compression <zone near midspan
section, while 4 unbonded and 5 bonded beams were failed in the fracture of
bar at anchorage end or near midspan section. However, no obvious differ-
ences in fatigue flexural strength can be recognized between unbonded and
corresponding bonded beams without regard to failure mode. Also, shear span
length has much influence upon the fatigue strength of beam. Smaller shear
span length results in smaller fatigue strength in this study. Measured
results on stress fluctuation in prestressing bar at anchorage end and at
midspan section showed no significant friction along the unbonded bar under
cyclic loadings. 1In bonded beams, rapid bond deteriorations were observed
in early stage of load cycles and consequently the bonded beams seems to
hecome quite close to corresponding unbonded beams. Concerning to the fa-
tigue strength of bar itself or anchorage end itself, the results obtained
from beam tests were smaller than those obtained by tensile fatigue tests.
However, the fatigue strength at anchorage end becomes quite similar as
that of bar at midspan section in the beam tests, while the tensile fatigue
test results on anchorage end itself showed the two-third of fatigue strength
in original part of bar itself. Therefore, such decrease in fatigue strength
at anchorage end obtained from tensile fatigue tests seems to have no obvi-
ous effects upon the fatigue flexural strength of beams,
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ONCE REPEATED LOADING OF PRESTRESSED CONCRETE_BEAMS

_ Vladimir URBAN
Building Research Institute

Technical University
Prague, Czechoslovakia

SUMMARY The effect of overloading on the subsequent load carrying capacity
of prestressed concrete beams was experimentally investigated for 120 speci-
mens of four types of cross-section and reinforcement. Statistically pro-
cessed data indicate changes of strength and deformations especially in
the service action area. A numerical method for the nonlinear analysis of
reinforced and prestressed section under bending and axial repeated load

was derived. Realistic representations of stress-strain characteristics

of concrete and steel were utilized in computer program to analyse the
effect of initial stress distribution and prestressing reinforcement
arrangement.

RESUME L'influence de surchargement sur la ré&sistance pastérieure de
pontres en b8ton armé a &té ftudié experimentalement sur 120 Eprouvettes

de 4 types d'armature et de sections différentes. Des dates processées
statistiquement indiguent changements, de la résistance et des déformations
specialment das la region de 1'action. Une mé&thode numerique etait derivée
pour l'analyse nonlineaixe d'une section armée et precontrainte des changes
en flexion, et des charges axiales répétées. Des diagrammes formés realist-
iquement corcernant le b&ton et 1l'acier ont Et& utilis@s pour un programme
calculatrice pour analyser 1'effet de la distribution de la contrainte
initiale et de l'arrangement des barres précontraintes.

1. AIM OF RESEARCH

The aim was to establish the effect of one repeated load near to the
ultimate load on the strength and deformations of prestressed concrete beams.

2, EXPERIMENTS

The purpose was to receive a basic information for the following theo-
retical analysis.

Test specimens. Each of four test series (ST1, ST2, ST3, ST4) contained
30 nominally identical beams (length 1700 mm, thickness 80 mm). The concrete
of all 120 specimens had the same cube strength (40 MPa). Strands 3¢4P3 mm
(1700/1400 MPa) were used for pretensioned reinforcement. All specimens fail-
ed due to the concrete crushing in the compression zone. The series differed
by the total depth, by the ammount and arrangement of reinforcement (Fig.1).
The effective depth was the same in all series, also the prestressing force
in each layer of three strands (3x25 kN). The initial stress distribution
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(Fig.2) from prestressing was then different.

Load tests were performed after 3,5 years. Simply supported beams were
subjected to the couple of concentrated loads applied at the midspan (Fig.3).
The hydraulic loading .Amsler 200 kN machine was used. The following quanti-
ties were observed automatically: time, load, deflection at the midspan,
slopes at support sections, tensile, compressive and transverse strains at
the midspan; visually: load and deflection, when 1.st and 2.nd crack appear-
ance, when concrete compressive crushing initiation, when maximum. Also
initiation, propagation, width of cracks etc.

Load history. Ten beams (group 1) of each series were subjected to mono-
tonously increased load up to failure and the mean strength Fu1 was calculat-
ed (Fig.4). The rest of the specimens was tested in two equal groups of
10 specimens each (group II or group III respectively). These beams were
loaded primarily to the load Fp=H-F,i, where H=0,86 (H=0,92) for group II
(group III), then unloaded and immediately reloaded up to failure load

%I (F III) The loading was controlled by constant deflection increment
5 %% mm) /60 sec in the 1st. (2nd.) cycle.

Test results, Statistically processed experimental data indicate that
the load-carrying capacity has not always been decreased by the previous
overloading. The average increase of 3-57 was observed in three series,
(ST1, ST3, ST4) and only one series (ST2) showed ultimate strength decrease
(Tab. 1, Fig.1, Fig.2). The dispersion of strength was not effected in a
systematic way. :

While the ultimate total deflections corresponding to the ultimate loads
were decreased in ST1, ST3 series in the 2nd. load cycle, there was an in-
crease at ST2, ST4 observed (Tab. 2).

Repeated loading significantly decreased the bending stiffness more in
ST1, ST3 then in ST2, ST4 series (Fig.5) and increased the variability of
deformations especially in service action region (Fig.6). The initial pre-
stress probably influenced also the elastic deformations and plastlc strain
after unloading.

3. NUMERICAL MODEL

A numerical method for the nonlinear analysis of reinforced and pre-
stressed concrete section subjected to low cycle pure flexure or combined
bending and axial load was used to analyse the phenomena observed in the
experimental part of the research.

Method. A standard approach as already proved by AAS-~JAKOBSEN (1970)
was used to calculate stresses and strains in prestressed concrete section
under repeated load. Linear strain distribution of section is assumed, cor-
responding stresses satisfy the equilibrium equations. Hypothesis of the
unique stress—strain diagram (SINHA, GERSTLE, TULIN (1964), KARSAN, JIRSA
(1969)) is taken into account. Practically arbitrary shape of loading, un-—
loading and reloading branches of stress—strain diagrams of concrete and
reinforcement (uniaxial compression and tension) can be input to the com-
puter program. Also the reduced bond, uging a reduced steel strain (BAKER
(1956)). The external bending moment and normal force are described by
sequential pairs of M, N values according to the development of the actual
load history. The carrying capacity is exhausted when ultimate strain
Eye in compression of concrete or ultimate strain E,yg in tension of steel are
reached. For each pair of M, N the unknown upper and lower etreme fibre de-—
formations are simultaneously determined by a special iteration method. A
generator of random properties of material should be directly 1nserted in the
program.

Load test simulations. Behaviour of concrete was characterized by ‘the
stress—strain diagram taken from the monotonic compression tests of prisms
150/150/450 mm as an envelope curve, all other branches were expressed by
the paralel straight lines corresponding to the initial stiffness (Fig.7).
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Behaviour of reinforcement was described in the same way. Sequence of palrs
M, N expressed the load history-as :in Fig. 4.

Computed output. The computed moment-curvature dlagrams qualltatlvely
coincide the test results (Fig. 5, Fig. 9) in the work load region. Because
of unique stress—strain diagram of materials assumption, the loading and
reloading branches reach the same value at the lop. Program gives a material
to study the changes of stress and strain dlstrlbutlons during repeated load-
ing (Fig. 10).

4. CONCLUSIONS

4.1 The load carrying capacity of prestressed beams has not to be always de-
creased by previous overloading.

4.2 Repeated loading near to the ultimate load decreases the bending stiff-
ness and increases variability of deformations, more in service action area
than in the ultimate load region.

4.3 The nature and intensity of the mentioned effects are apparently dependent
on the initial prestress distribution and on prestressing reinforcement ar-
rangement. : ‘ : :

4.4 Numerlcal model with realistic represontatlons of the stress— strain
characteristics of concrete and steel, established on the standard pressump-
tions and on the unique stress-strain diagram hypothesis is prepared to ex-
press the effect of the arbitrary load history.

4.5 The outputs of computer program coincide qualitatively with experimental
results even linear approximation of unloading and reloading was taken into
account. It is necessary to expect the considerable stress and strain re-
distribution after overloading in the work action range.
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Tab. 1 Tailure loads. Statistical characteristic.

Group 1 2 3 1 2 3.
Series ‘ ST 1 ST 2

Number of elements ' 10 10 10 10 9 8
Mean value (kN) 25,31 28,24 25,39 24,65 23,19 24,31
Standard deviation (kN) 1,50 1,42 1,75 1,96 1,53 1,94
Coef. of variability (%) 6 5 7 8 7 8
Change of mean value (%) 100 111,6 100,3 100 94,1 98,6
Group 1 2 3 1 2 3
Series

Number of elements 10 10 9 10 10 10
Mean value (kN) 43,03 45,00 41,44 35,47 37,02 37,40
Standard deviation (kN) 2,30 2,60 2,00 3,21 2,60 2,3
Coef. of variability (%) 5 6 5 9 7 5
Change of mean value (7) 100 104,6 102,6 100 104,4  105,4

Tab. 2 Limit deflections. Statistical characteristics

Group | 1 2 3 1 2 3
Series ST 1 ST 2

Number of elements 10 8 6 10 9 8
Mean value (mm) 17,13 16,36 16,56 13,90 14,70 13,02
Standard deviation (mm) 3,199 3,028 3,539 2,277 5,225 4,774
Coef. of variability (Z) 19,7 20,1 23,4 22,6 42,8 39,2
(estimation)

Change of mean value (%) 100,0 95,5 96,7 100,0 105,8 93,7
Group 1 2 3 1 2 3
Series : ST 3 | ST 4

Number of elements 10 10 10 10 10 10
Mean value (mm) 14,10 13,44 12,05 9,01 10,08 9,89
Standard deviation (mm) 3,248 3,084 2,651 2,317 2,894 2,310
Coef. of variability (%) 24,3 24,2 23,3 27,1 30,0 24,6
(estimation)

Change of mean value (%) 100,0 95,4 85,4 100,0 111,9  109,8
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Fig.1. Cross~section of beams in series

ST1 ~ ST4.

Fig.2. Stress distributions due to

prestress.

Fig.3. Test scheme.

Fig.4. Loading history.
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Fig.5. Bending moment = deflection at midspan diagrams during the 1st.
and 2nd. load cycles. Groups IIT of ST1 - ST 4 series

M..o... mean value of bending moment in group III

My1... mean value of the ultimate M in group I

d..... mean value of deflection in group IIT
dy1... mean value of the ultimate d in group I
A, |
'y Iy A 3
1 1 1] 1t
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I | 53791
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Fig.6. Changes of standard deviation of deflection during the 1st. and 2nd.
load cycles.Group IIT of ST 1 - ST 4 series.
M..... mean value of bending moment in group III
1 .. mean value of the ultimate M in group 1
SqlIl. standard deviation of deflection in group IIT
. mean value of the ultimate deflection in group I

202



4 o.Ml
4 1300 |

1,0

LY

\

L)

[

=gk > J cbnd,
‘i "' v, ‘01 -

A;‘
Fig.7. Stress—strain diagram of concrete Fig.8. Stress—strain diagram
used as the input approximation. , of reinforcement.

M/M M/M
[y ul ‘ A ul v
1
w/ Wa1
> »
4 A
1
ST 4
' w/w
/A / 5 1 - ul
> >

Fig.9. Computed bending moment curvature diagram during the 1st. and
2nd. load cycles. Group III of ST 1 - ST 4 series. Detail when crack
initiation.

M..... bending moment in group III

Myt-.. ultimate in group I

| curvature

WU1... ultimate W
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Fig.10. Stress and strain distributions at 1st.

and 2nd. load cycles. Group III of ST 1 and ST 4
series. .
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DUCTILITY OF PRESTRESSED LIGHTWEIGHT AGGREGATE CONCRETE

Igor TERTEA Vasile PACURAR

Polytechnic Institute ‘ Polytechnic Institute
of Cluj-Napoca, Romania of Cluj~Napoca, Romania
Synopsis

The paper reports the results of a theoretical and
experimental investigation concerning the ductility of pre-
stressed lightweight (expanded clay) concrete beams in compg-
rison with those of normal concrete. Forty-eight beams were
tested, considering the degree of prestressing and the ratio
of active and passive reinforcement as variables.

Résumé

On présente les résultats théoriques et expérimentaux
concernant la ductilité des poutres précontraintes en béton
léger par rapport & celles en béton normal. Les 48 poutres
essayées ont permis d'analyser la ductilité sous 1°influence
du degré de la précontrainte et des pourcentages des armatures
actives et passives. Pour granulat léger on a employé l'argile

expansée.

ABSUMPTTIONS

a) At commencement of yield of tension reinforcement the
concrete compressive stresses vary with a second degree
parabola (ref.Pig.la):

b) At ultimate moment the concrete compressive stresses
have the form of parabola-rectangle (ref.Pig.lb); ,

c) The strain in conecrete may be assumed directly
proportional to the distance from the neutral axis both at
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yield of reinforcement and at failure (ref.Pig.lc);

Ecy
__+d:¥

. s >

Fig.l. Condi t yield of tension reinforcement (a)
at ultimate mowent (b) and strain distribution

diagram (c).

d) The stress-strain curve of concrete is congidered
parabola-rectangle (ref.Fig.2), the limit strains having

the valueo:

no
=

- for normal concrete : EC] =

(3 aYld E-Cu = 3’5 (/l()’
- for lightweight concrete : €, = 2 4

4, and £
s Eou

A3
-

1
-~

e) The stress-strain curve for both prestressed and
nonprestressed reinforcement 1is considered bilinear, both
reinforcements getting simultaneously to yield (ref.Pig.3).

f
lG'c ls i
ffo d . active
Py
ot ——
i l
| l
l |
| l
| g
L 5oL
€eq Ecu
Pig.2. Stresgs-—strain curve Fig.?. Stress-strain curves
of concrete. for prestressed (active)

and nonprestressed (passive)

reinforcement.
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The ductility is defined as the ratio between the

ultimate ( w, ) and yield (coy) curvatures i.e.

u
w £ 1-k
A = uo_ cu . y , ‘ (1)
wy €y ku
where
_ Eeu _ 8cu _ (2)
“u © X - k. .d
u u
£ £
Wy = S .= ky 3 : (3)
Xy (1~ y)

The position of the neutral axis at yield of tension
reinforcement and at ultimate moment is obtained from the
equations of equilibrium and moment of internal forces, as
follows:

-~ at commencement of yield

£

y 2 _

y

€ £ :
(3 4 —%) k2 = 3 (—&~ - o = n_) k
cl cl cl

-6 (o, + np) koo+ 3 (o + np) = 0 ' (4)

N

- at ultimate moment

o, + 1

k, = —8 D (5)
1_._..5.9.3:. '
T by

The meaning of the notations used above is:

: £
N o= -2 (6)
P pv4r P g
C C
) ALy ) £y -(7)
g ~ .. T Py
bdf f
C C
where
A A E
b a b d 5 P g
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EFFECT OF PARTIAL PRESTRESSING ON DUCTILITfi‘x‘

Prestressing considered as external axial load influenc—
es the ductility of section by intensity of prestressing,
expressed by np (given by Eq.6) and the degree of prestresse
ing expressed by

T = PP | (8)

The influence of axial force on ductiiity of bent ele-
ments may be estimated by associating the interaction diagram
for a reinforced concrete column with the diagram of in-
elagstic curvature (ref.Fig.4). If the value of ultimate force
is below balance value (Pb) the failure of concrete in
compressive zome is preceded by the yield of tension rein-
forcement. In that situation the ductility of prestressed
beam may be taken in consideration. ‘

ne P n —-lightweight concrete +
bdf ] 3 — normal concrete
0.4+ c N P, =14% 0.4 1 = \
\_T_—f] )

! N 03fhe N\ T T T T T T
03 Py - — —— % Fa

N >
024 d 02 // \\\wu

[\

01 - ++ Mu 01 i '/\wy \

—
0.0 Y

04 02 3 00 02 03 m

Fig.4. The place of prestressed besms in a column
interaction diagram.

For total or partial prestressed beams the design codes
require a maximum amount of reinforcement to determwine the
yielding of tension steel before reaching the ultimate moment
so that the ultimate force of prestressed beams is always
below balance value (F,). ' o
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EXPERIMENTAL INVESTIGATION AND TEST RESULTS

Forty-eight simple-span rectangular beams were tested.
All specimens were 15 by 30 cm in cross section and 400 cm
long, with a span between supports of 300 cm. Half the number
of test beams were made from lightweight aggregate concrete
and the other half from normal concrete. The test beams were
tested with equal loads applied at each third-point. The
specimens were devided into three series corresponding to
low, middle and high reinforcement ratios. Two "jdentical"
beams for each parameter were made. The beams belonging to
one group had the same ultimate moment but different
prestressing degrees: 100 %, 66 %, 33 %, and 0 %. The varia-
tion of prestressing degree (defined by Eq.8) was achieved
by gradual replacing of active reinforcement with a passive

one.

The prestressing reinforcement represented by seven-
wire tendons, having the yield strength of 1760 MpPa, was
anchored by bond. The nonprestressed reinforcement consisted
of deformed bars having the yield strength of about 350 MPa.
o stirrups or compression reinforcement were provided in
the central third of the beam span.

The average of characteristic compressive strength of
lightweight concrete was p4 MPa and of normal concrete 29 NPa.

In Table 1 are listed the calculated and measured values
of ductility both for lightweight and normal concrete beams.
The curvatures at yield and ultimate moments reffer to the

central third of the beam span.

CONCLUSIONS

Ultimate axial load of prestressed beams, irrespective
of the degree of prestressing, ig located below the balance
axial load (Pb) in the interaction diagram (ref.Fig.4). At
the same reinforcement ratio the balance point for light-
weight concrete is below that for normal concrete.
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As shown in PFig.5 at the same failure moment the ductil-
ity decreases with diminishing of prestressing degree i.e.
with the increasing of the amount of reinforcement. The parti-
al prestressed beams have a higher ductility‘in comparison
with the reinforced concrete beams at the same ultimate

moment.
A . .
} "+ lightweight concrete
10+ e normal concrete
++ : ) :
®
8¢ °
i .2
. ¢ e ®
6" . ':t + + .‘ +
i ®
4 + + ++ H .0 + ®
+eo ®
¢ *®
++
2t + ++ .‘+
0 100 , 66 ,33 0% 100 66 33 . 0% 100 66-: 33 ‘O% :‘[%
025 066 107 141 1037 088 138 194 | 065 155 242 3.27 pt %
5SS KNm 72 KNm 105 KNm My

Fig.5. Variation of ductility with the degree of
prestressing (7 ) and the total reinforcement ratio
(pt) in beams of the same ultimate capacity

At the same amount of reinforcement (pt) the ductility
decreases with the increase of prestressing intensity (np),
Dearing in mind that both prestressing intensity and
mechanical ratio of reinforcement ( d%) influences the
ductility in the same manner, it's possible to read this
amount using a diagram shown in Pig.6.

As followed from test results presented in Figs.4, 5 and
6 and in Table 1, as well, the ductility of partial pre-
stressed lightweight concrete may be eonsideredbcomparable
with the duetility of partial prestressed'normal concrete.
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——~ lightweight concrete +
normal concrete @

N

nb+ds
01 015 02 025 03 035

0

Fig.6. Variation of ductility with the intensity
of prestressing (np) and the mechanical reinforce-
ment ratio ( O(q).

APPENDIX -~ Notations

A - area of nonprestressed reinforcement;
AD - area of prestressed reinforcement;

fc - compressive strength of concrete at commencement
- of tension reinforcement yield;

- ultimate strength of concretes
- effective stress in prestressing steel;
- yield strength of nonprestressed relnforcement,

€c1 ~ maximum concrete compressive strain at commence-
ment of tension reinforcement yield;

- maximum concrete compressive strain at ultimate
strength; : , :

, E. - modulus of elasticity of prestressed respective
P nonprestressed steel.
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BEAM-COLUMN SUBASSEMBLAGES TESTED UNDER ALTERNATED LOADS FOR
SEISMIC DESIGN

Eduardo CANSADO CARVALHO
Laboratorio Nacional de Engenharia Civil

Lisbon, Portugal

SUMMARY

In order to assess the available ductility in beam-column joints included in
the structure of a large urban development in a seismic area an experimental pro-
gram was carried out. Four models were constructed. The present paper deseribes the
""" ghaped models and the tests performed. These, mainly consisted in sequences of
alternated displacements applied at the beams ends inducing large non-linear incur-
sions. General conclusion both on the models as well as on the expected real struc-
ture behavior are drawm.

SOMMAIRE

Un programe experimental a eté entrepris dans le but d'evaluer la ductilite dis
ponible dans les noeuds poutre—colonne inclus dans la structure d'un grand develop-
ment urbain 3 construire dansg une zone sismique. Quatre modéles ont 8t comstruits.
La présente communication décrit les modéles en forme de "T" aussi bien que les es-
sais. Ceux—ci ont consisté essentielment & 1'application a l'extremite de la poutre
des sequences de deplacements alternés induisant des grandes incursions non-lineai-
res. Des conclusions generales sur le comportement des modéles aussi bien que sur le
comportement prévu pour la structure sont presentees

INTRODUCTION

Reinforced concrete behavior under alternated loads has been being studied for some time,
but it is well recognized that further experimental research is still needed for its complete
understanding, Clough (1977). Namely, beam-column joints in framed structures represent one of
the areas in which there is not yet a fully understanding of its behavior. The mechanism by
which shear force applied in the joint is resisted as well as the effects of such parameters
as axial force in the column, confinement of concrete, spacing and arrangements of transverse
steel, anchorage lengths of beam bars are examples of subjects in which there is still room
for discussion.

With no intention of extensively cover the experimental data available up to now, works
by Hanson and Conner (1967) Jirsa(1972) Townsend (1972), Park and Paulay (1973),Jirsa et al
(1975) Bertero and Popov (1975), Lee (1976), Nascimento (1977) and Uzumeri (1977) should be
mentioned.

It was exactly considering such need for experimental research that, for a large urban
development in a seismic zone, an experimental program was carried out on four models reprodu-
cing two situations of external beam-column subassemblages as designed.

Typically, buildings are five to nine stories high and its structures are made up by rein
forced concrete moment-resisting space frames oriented in two orthogonal directions. Girders
spans are either 8,25x8,25 m or 11,0x5,5 m supporting quadrangular or rectangular waffle slabs.
Due to the great extension of the building in plan a set of expansion joints were introduced di
viding the structure in modules of approximately 50x50 m.

The main purpose of the experimental program referred above was to evaluate the seismic
behavior of beam-column joints as designed by the author of the structural projact. Tests were
conducted in LNEC on what was considered to represent typical situations of external beam-co -
lumn joints. The choice of external joints was imposed by the available experimental facili -
ties. Detailed results of the experimental program carried out are presented by Carvalho (1978)
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DESCRIPTION OF THE MODELS

Two pairs of models were constructed. These two pairs were extracted from a typical fra-
me with five stories and six spans of 8,25 m. The location of the modeled zones of that frame
as well as its general dimensions are present in fig. 1. The main parameter influencing the
choice of these zones was the axial force acting on the column, Two situations were thus -consi
dered:

-~ First floor beam-column joint with the highest axial force in the column.

- Second uppermost floor beam—-column joint with lower axial force in the column.

It should be noted that the column that

was considered, however being an exterior one, car
~ ries loads similar to the interior ones since it
supports, by short cantilevers, the girders of
the adjacent structural module forming thus the

MODELS 2-A : L
X int.
D 1.8 expansion joint

As usual in such cases models were extracted

| habsar0=085 paying attentation to the fact that in frames un-

¥ der horizontal forces, zero bending moment values

L heba0652065 | | hibrassaoss are present in sections approximately at mid span-
of its members.

e ”}3"&“'“{” l The geometric scale chosen for the construc-
”{ II ] tion of the models took in consideration simulta-

. . . — neously, the need to acurately model the behavior
f_azs L 85 [T of reinforced concrete as well as the limited spa

ce and forces available for the tests. As a balan
ce between these two antagonic considerations a
Fig. 1 - Typical frame and location of value of 1:2,5 was assigned to that scale. Four

"extracted" models. models were then constructed reproducing the cor-

responding details of the real structure design .

Models of the first pair, representing a lower beam—column joint, are labeled 1-A and 1-B. Si-

milarly, models of the second pair representing an upper beam-column joint are labeled 2~A and

2-B. General views and cross sections of the two types of models are presented in fig. 2.

Still in geometrical properties of the models some comments are due:

- Altough different in the real structures, the columns heights in models 1 and 2 were
taken equal in order to use the same mould for the four models. The least value was
considered leading to an increase in the column shear force for models 2. As expected
"a priori" this increase did not show, however, any influence on the tests results.

~ Special end provisions adapted to the bearing system in the testing frame were conside
red in the columns.

- As seen in fig. 2 top reinforcement in the beams of both types of models varied along
its length. This feature was imposed by the reproduction of the real structure reinfor
cement curtailments and, as shall be seen later, significantly affected the experimen-—
tal results. Also following the real structure design, transverse reinforcement varied
along the beam and column both in steel content and spacing.

—- Design drawings prescribed bar diameters in inches or fractions. For the zones of inte
rest only 3/8", 7/8" and 1" bars were present. Reproduction of these diameters in the
models was achieved approximately using 4 mm, 8 mm and 10 mm bars. The first type,
being not included in the standard set of bar diameters in Portugal, had to beobtained
by cold hardening plain wire of that diameter.

As far as mechanical properties are concerned, both for concrete and steel, a direct re-
production of the design specifications was envisaged. For concrete, aesign specification was
a 28 days cylinder compressive strenght of ¢, = 29,4 MPa (300 kgf/cm“). A suitable mix was
prepared limiting the gegresgate maximum dimegsion to 1/2". The proportion§ adopted were as fol
lows: Cravel-1083 kg/m>; River sand-620 kg/m’; Portland cement ~ 400 kg/m> and Water~198 kg/m3
Concreting was made with the models in a horizontal position and using two mixes for each mo-
del. Pairs of cylinders, cubes and prisms were retired from each mix. Statistical data concer-
ning the results of tests on these specimens is presented in Table I. The desired characteris~
tic strength in cylinders was not attained but this fact was only due to an anomalous result
(remark for instance the difference between standard deviations of the results in cylinders
and cubes).
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TABLE I - STATISTICAL DATA ON CONCRETE SPECIMENS TESTS

SPECIMENS TESTS AT 28 DAYS TESTS éT DATE OF MODEL K%SLS
Oem OF C%tm %n Ock ©F Gpex | Oom ©F @%tm Sp Doy OL,t%tk

CYLINDERS 3779 YA 3578 40,3 7759 3573
Comp. Strength (336) (44,3) (263) (411) (36,6) (350}
CUBES 39,6 1,87 36,6 X 2,53 47,8
Comp. Strenght (404) (19,1) (373) G717y 125, 8) (437)
PRISMS 5,44 0,31 493 4,98 0,17 5,70
Comp. Strenght (55,6) (3,2) (50,3 {(50,8) 1,7} (48,0)

O or (Tt ~ Mean compressive or tensile strengeh. s~ Standard deviation.
cm ctm i

(Tk or @ ., - Characteristic compressive or tensile strength (5%).Values in MPa and (kgf/cm®).
‘e

Design specification for steel was the ASTM Grade 60 which corresponds to a minimum or
characteristic yield strenght Oyk = 413 MPa (42 kgf/mmz)o Such steel was reproduced in the mo
dels longitudinal reinforcements by the use of a Portuguese steel marked SNT40. It is a high
bond cold worked steel (torsion) with a characteristic strength Ty = 392 MPa (40 kgf /mm”) (re
ferred to O, values). The same steel lot (denoted lot 1) was used throughout the construc -
tion of the four models except for the @10 bars in the 2~B model beam in which a new lot (de-
noted lot 2) had to be used. Tensile tests for several bars from these two lots were performed
and mean value results are presented in fig. 3. A considerable difference between the results
of the two steel lots was verified. For transverse steel, as & wm is not a standard diameter
for construction steel, a special cold worked plain wire prepared for LNEC was used. Tests on
specimens of that steel (denoted lot 3) were also performed and results are presented in fig.
3. Althougg one of the tests for a bar from lot 1 showed an yield strength below O p = 413 MPa
(42 kgf/mm“), in general the steel used in the models can be considered as complyifig with the
real structure design specification.

Considering the adopted geometric scale and the fact that mechanical properties are the
same both in the model and in the real structure (prototype) numerical values for scales of

forces and moments are respectively, FP/FM = 2,5% = 6,25 and MP/MM = 2,57 = 15,625,
G lkgti/mm)
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Fig. 3 - Mean value results of tensile tests on steel Fig. 4 ~ General view of the
used in the construction of the four models test set-up

DESCRIPTION OF THE TESTS

Tests were conducted in a testing steel frame. Columns ends were simply suoported by
means of adequate steel bearings which restrained horizontal displacements but permited rota-
tions. A constant axial load was applied in the column by a manual hydraulic jacks applied al
ternated displacements with "a priori" defined amplitude sequences. These two jacks were ma -
nually controled allowing:a certain adjustment of these displacements sequences du ing the
tests, following the models behavior. A general view of the test set-up is presented in fig.4 -
and the displacements sequences applied to the four models are presented in f£ig. 5 (downwards
for positive direction). At test dates models ages varied from 77 to 119 days. Except for the
second model (1-B), amplitudes of the alternated displacements sequences continuously increa-
sed although in an asymmetrical way due to the differences between top and bottom reinforce -
ment in the beams. For the second model (1-B) an irregular pattern was adopted based on the
displacements applied in model 1-A, Due to an early rupture of the bottom reinforcement in
this test, the initially defined displacements sequence with 23 cycles was not achieved.

Axial force in the column was constant throughout each test but had different values for
the four models. For the first pair of models, approximately N = 7OOKN(70tf) were applied,
This value scales the real structure axial force in the column at the foundation level due to

dead load and 257 of live loads. For the second pair of models which corresponds to an upper
zone of the structure lower values for the axial force were applied. For model 2-A the value
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Fig. 5 - Displacements sequences for the four models

adopted was N = 300kN (30tf) whereas for model 2-B a reduced value of N = 200kN (20tf) was ta-
ken. It is stressed. that for such levels of axial force this reduction in its values leads to
a more severe situation both for the column and the beam column-joint.

Instrummentation of the models is general visible in fig. 4. Mainly it consisted of seve
ral inductive transducers placed in such a way as to obtain among others the following dia -
grams: Force — Displacements at the end of the beam; Force-Relative rotations between adjacent
cross sections of the beam and Force-Lengths variations along the joint diagonals. For the re
lative rotation diagrams three cross sections were considered. Begining at the column's face
and 20 cm apart they were named respectively A,B and C . Measurement of the joint rotation was
also envisaged but since it showed very small values the used system did not work satisfatori
ly.

TESTS RESULTS

Some of the diagrams obtained are presented in fig. 7. In the relative rotation diagrams,
further to these values, corresponding average curvatures (on a 20 cm length) are also indica
ted. Views of the beam—column joints at extreme load conditions are shown in fig. 6. General
comments on the tests results are made in the following paragraphs.

Fig. 6 - Beam—column joints at extreme load conditioms.
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Models I-A and 1-B

Being equal, these two models behaved approximately in a similar way. Ultimate load at
the beam's end either downwards (positive) or upwards (negative) was controled by the resigs -
tant moment of the beam cross section next to the column's face. However, the behavior under
positive or negative forces was completely different. Actually, for positive forces, mainly
due to widespread cracking of the beam's upper face ( resulting from the corresponding reinfor
cement curtailments) models showed great ductility in terms of displacements at the beam's
end. On the contrary, for negative forces, due to the lack of bottom reinforcement curtail -
ments, non-linear behavior of the beam was established near the column's face by a single main
crack. Obviously such crack pattern dramatically reduced the displacement ductility available
at the beam's end. Further apgravating this situation was the fact that permanent positive cur
vatures were increasingly being retained by the beam following the positive cycles (bottom
reinforcement being smaller than the top one was unable to eliminate its permanent tensile
yielding strains). The evolution of relative rotations between cross section B and C (fig.7)
clearly illustrates such behavior. Needless to say, an extremely severe condition was thus
created for the bottom reinforcement next to the column's face. Indeed, in both models, seve -
ral bottom bars collapsed when attaining strains (in a 20 cm average) with values near 47. It
is also important to note that for positive forces no strength degradation was observed while
for negative forces and especially for model 1-A there was evidence of such fact. As to the
effect of the irregular displacements sequence, being however certain that collapses of bottom
bars for the second model (1-B) ocurred for a smaller displacement applied at the beam's end
than for the first one, it is not clear that such facts are directly correlated. Being appa -
rent that the main difference, relevant for the present discussion, between the two models was
the behavior of the beams in theirs BC sections, it is however difficult, to establishadirect
relationship connecting the greater relative rotation observed inmodel 1-Bwith the irregularity
of the displacements sequence applied at the end of its beam.

Finally, it is noticed that for these two models the columns remained uncracked and the
beam—column joints showed only a very thin, approximately diagonal, crack following the large
amplitude positive cycles.

Models 2-A and 2-B

The 'two models of this pair, however being theoretically equal, presented considerably
different behavior from each other. Three main reasons contributed to this fact: First, as sta
ted before, bars used in the longitudinal reinforcement of the beams of both models, since
coming from different steel lots, had different strengths (for model 2-B yield strength was
257 greater than for model 2-A). Secondly, for model 2-B a smaller axial force was applied in
its column. Finally test procedures were considerably different in both models. In fact, for
model 2-A only a variable alternating force was applied at the beam's end (originating-linear
bending moment distribution) whereas for model 2-B, besides such variable force, a constant
22 kN (2,25tf) vertical force was applied on the beam at a distance of 52 cm from the column's
face. This force was intended to model in the beam near the column the effects of vertical
loads (dead load + 25% of five loads) both in terms of bending moment as well as in terms of

shear force.

Out of the three reasons just outlined, the most relevant for the different behavior ob-
served in the two models was the last one. In fact, the most striking difference was the pas~
sage from a clearly assymetrical behavior in model 2-A (as well as in models 1-A and 1-B) to-
an almost symmetricalone for model 2-B. The dominant effect, as previously discussed, of the
beam's reinforcement curtailments pratically disappeared leading to a sensible reduction on
the "hinging length" for positive cycles. In fact this is clearly emphasized by a comparision
between the behavior of the beams sections BC im both models. Tendency to retain positive per-
manent curvatures in the beam also ceased thus alleviating in section AB the severe ductility
demands sustained by the first three models in negative cycles. On the contrary, available dis
placement ductility at the beam's end was reduced for positive cycles (forces downwards) .

The other two reasons referred above as being related to the different behavior that was
observed in this pair of models, however less relevant, played also a certain role distinguis-
hing both models response, especially as long as the column and beam—column joint are concer -
ned. In fact, for model 2-A no cracking was observed in the column and only for positive cy -
cles diagonal cracks developed in the joint, whereas for model 2-B more extensive cracking was
observed. For its beam-column joint, eracking along the two diagonals was observed due to for—
ces applied in both directions. Also & horizontal crack in the column appeared during the grea
ter amplitude positive cycles. Neverthless, general behavior of the column and the joint re -
mained satisfatory in both models, no evidence being shown that either its overall strength

stiffness were influenced by the joint or column.
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APPLICATION OF THE RESULTS TO THE REAL STRUCTURE

Results obtained in the four tests can be extrapolated to the real structure considering
the scales relating each parameter., For strengths, numerical values of these scales have. alrea
dy been indicated (6,25 for forces and 15,625 for moments) whereas for displacements the valie
is directly the geometrical scale 2,5.

Results in terms of available ductilities, which undoubtly are the most important oness
can be directly extrapolated from the model to the prototype. For displacement ductility,which
is well related to interstory displacement ductility in the real frame, tests results indicated
that at least a value of (=3 was available in any of the four models. On the other hand linear-
rized,analysis of a typical frame indicated that, for the most severe earthquake probably pos-—
sible in the area of the development, ductility demands in these terms would be at most 1,5
to 2. Furthermore it showed that non linear behavior of the frame would be chiefly establis
hed by the "hinging" of the girders. This fact matchs well the behavier of the models and as
the available ductility exceeds the probable demands a satisfatory seismic response seems tobe
predictable.

CONCLUSIONS

Main conclusion of the four tests which were performed can be summarized as follows:

~ Ultimate strengths and deformations were controled by the beams in all cases. In parti-
cular flexural strength which, very closely could be established theoretically,limited
the overall strenght of the models. No evidence showed up that in any case shear streng
th was at stake.

- Columns and beam-column joints remained pratically uncracked for the first pair of mo-
dels whereas for the second pair with lower axial forces cracking did appear although
not influencing the overall behavior of the models. It can be noted that the joint shear
steel coutent was smaller than that would be demanded by the application of the ACI-ASCE
Recommendations (1976).

- Simulation of the effects of vertical loads, besides the alternated displacements ap -
plied at the beams ends, proved to be very important for the correct establishement of
the real behavior of the substructure under earthquake actions.

- Bearing in mind the clear limitations of such small experimental program for a so large
development, in general terms a good seismic response of the structure seems to be pre-
dictable.
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SUMMARY

An experimental research program on the behavior of interior rein-
forced concrete beam-column joints under severe bidirectional load reversals
is described. The influence of loading history on the behavior of three
identical specimens is discussed.

On presente une description d'un programme de recherche experimentale
au sujet du comportement des connections intérieures poutres-colonnes
soumisses a un régime sévere de forces bi-latérales. (Ci-dessous, trois
models identiques sont presentés et discutés.

INTRODUCTION

Very little experimental work has been done on the behavior of frame
elements under bidirectional seismic loading. Key frame elements such as
columns and joints, however, undergo biaxial deformations as the resultant
seismic excitation is skewed to the building frame's principal axes. It is
likely that full system yielding may occur simultaneously in both direc-
tions several times during a major earthquake, particularly if a relatively
large system ductility has been assumed in design (say 3 or 4).

Experimental work on the behavior of short rectangular columns under
bidirectional shear reversals is being conducted in a parallel study with
the tests on interior beam-column joint subassemblies, to provide insight
into the behavior of ductile frames.

Background

All previous experimental work on interior beam-column joints reported
in the literature has concerned planar joints. Several programs have used
very short unloaded beams to simulate the effect of transverse framing.
Information on the behavior of joints under bidirectional lateral loadings
must be obtained before the influence of joints on overall frame behavior
can be estimated. Past tests of planar joints and frames have established
clearly that joints may control frame strength, stiffness, and ductility.
Some of the critical problems in the joint regions are shear, anchorage,
and bond deterioration of reinforcing, and loss of effective intersecting
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member sections due to local spalling and cracking in the joint region.
These problems and a review of previous literature are discussed in Refs. 1
and 2.

Scope and Objectives

The immediate objective of this report is to:

(1) Evaluate the importance of bidirectional lateral loading on the
behavior of reinforced concrete beam-column joints.

The ultimate objectives of the project are to:

(2) Develop a basic model explaining the behavior observed which may
be applied to different conditions, and provide information for more accu-
rate analysis of overall frame response. ’

(3) Develop recommendations for the design of joints in frames sub-
jected to several lateral loadings.

The test specimen geometry chosen is shown in Fig. 1. This geometry
represents an interior beam-column joint subassembly of a frame, without a
gslab. The prime variable in the initial tests is the load history applied
to the specimen. Loads are applied slowly, neglecting strain rate effects.
Test specimens are specifically designed to exhibit joint distress.

DESCRIPTION OF TESTS

Test Specimen

_Figure 1 shows the geometry and reinforcing of Specimens 1, 2, and 3.
Since these tests were intended to demonstrate joint distress, the specimen
was designed so that joint strength and stiffness would be critical in
influencing subassembly behavior. High joint shear, reinforcing bar bond
conditions, and minimal confining reinforcement in the joint were inten-
tionally designed to ensure that these problems would affect the unidirec-
tional versus bidirectional loading comparison.

Normal design material strengths were 28 MPa for the concrete and
420 MPa for the reinforcing steel. A 38 cm square column was chosen for
ease of loading, and for direct comparison with past experimental work on
planar joints. Beam reinforcing steel, with A 2 1/2A , was

. . s bot ', [ s top

designed to develop a very high value of horlzongaf joint core‘shear when
the beams yield adjacent to the column face. Figure 2 indicates the forces
which develop joint core shear in the planar case. Beam steel was propor-
tioned so that joint core shear at full beam yielding in one plane was
approximately equal to the static strength of planar joints using the
approach of Meinheit and Jirsa [1]. Column reinforcing was designed so
that full beam yielding could occur before column yielding in the planar
loading case. This was done to meet current ACI seismic design recommenda-
tions [2], which follow the weak beam-strong column frame design philosophy.
Relatively large beam bars ensured that bond distress would develop and
minimal joint core horizontal tie reinforcing was used. The ties were used
to provide an indication of the joint core distress by monitoring strains
in the tie legs. Note that all beams had the same main reinforcing, but
that bars were displaced vertically as necessary to pass through the joint
region.
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Specimens were fabricated in the upright position, with one concrete
pour including the lower column, the beams and the joint region, and the
bottom 15 cm  of the upper column. A second pour placed the remainder
of the upper column. :

Loading

A sketch of the idealized loading of an interior beam-column joint
subassembly, meeting the dimensions of the specimen described above, is
shown in Fig. 3. No attempt was made to exactly duplicate all the aspects
of loading and restraint in a true concrete framed structure subjected to
seismic loading.

Figure 4 shows a specimen situated in the loading apparatus. Speci-
mens were tested in the upright position, braced against a floor-wall reac-
tion system. Four vertical rods and centerhole rams applied column axial
load. Four rams with spherical end attachments, attached to the reaction
floor, loaded the beam stubs up or down. The upper column was effectively
pin-supported at the top and braced to the reaction wall to resist upper
column shear. The bottom of the lower column was semi-rigidly connected to
the reaction floor. An inflection point formed a short distance above this
connection to match approximately the idealized loading condition shown in
Fig. 3.

Axial load applied to the column was held at a constant level of
1335 kN compression during all three tests. This value was equal to the
balance load for the column. Racking loads were applied to the beam pairs,
with deformation of the beam ends controlled. 1In order to simulate the’
effects of dead load on the subassembly, all four beams were deformed down
2.5 mm before beginning cyclic deformations. Cycling of beam deformation
was performed about the "dead load" deflection, which cracked the beams and
developed a tensile stress of approximately 83 MPa in the top beam
reinforcement.

Deformations were applied to the beams in a predetermined pattern. A
value of yield deformation, A , was established in the first test, with
unidirectional loading of the/N-S beams only. The yield deformation is
defined as the beam end deformation at first flezural yield of the beam
reinforcement, and was 33 mm beyond the dead load position. The deformation
history applied to all specimens was 3 cycles at 1A , 3 cycles at 20, etc.,
to the limit of the testing apparatus. y y

Instrumentation

All measurements of load, deformation, and reinforcing bar strain were
made electronically by a computer-controlled VIDAR scan unit. The computer
link permitted interactive data reduction as the testing progressed.

BEHAVIOR
A table of specimen names, loading history types, and basic results is

shown in Fig. 5, as well as the load-deflection plots for the North beam in
each test.
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Specimen 1-U-C: Unidirectional

Deformations were applied to the N-S beams only. The E-W beams were
held constant at the dead load deflection throughout the test. The specimen
was considerably less stiff than calculated using simple elastic flexural
theory, cracked sections, and a rigid joint core. Maximum column bar stress
at 1A was about 180MPa. Joint shear cracking and bond distress of beam
reinfgrcing bars were observed before 1A_was reached. As noted in Fig. 5a,
most loss of stiffness and energy dissipative capacity was seen in the first
cycle. As beam deflection was increased to 2A , stiffuness decreased dras-
tically, shear cracking extended well into the'E and W beams, and bond
deterioration became extensive. Joint tie reinforcement yielded. At BAy,
maximum column bar stresses were near yield as column spalling above and
below the beams reduced the effective column section. At 4A , strain gages
on several column bars indicated yield stress. At the end of the test,
there was severe compressive spalling of the column and North and South
beams above and below the joint, with shear cracking extending 0.6 to 0.8 m
into the E and W beams. Figure 6 shows crack patterns at an advanced stage
of loading.

Maximum joint core shear, 1600 kN, occurred when the beams were first
deformed to 2A_. The maximum shear is approximately equal to that predicted
by using the résults of the work by Meinheit and Jirsa [1]. Full yield
moments were developed in the beams.

Specimen 2-BS-C: Bidirectional, Simultaneous

Deformations were applied simultaneously to the N-S and E-W beams, i.e.,
the resultant loading or deformation was along the NW-SE 45° diagonal. The
same beam deflection limits of 1A _, 2A , etc., used in test 1-U-C were used
in this test. Shear distress was’noted very early during the first cycle to
1A . Corner column bars and several beam bars reached yield strains at
apgroximately 1A, and joint ties exhibited stresses near yield. Strain
gage readings alSo indicated early bond distress of both beam and column
bars. A combination of shear cracking and compressive spalling appeared at
the column corners above and below the joint. Again, as seen in Fig. 5b,
most stiffness loss and change in shape of the hysteresis loops occurred in
the first cycle of loading, and stiffness decreased drastically with
increased beam deflections. Shear cracking through the joint region and
into the beams and column became very pronounced with further loading.
Strains well beyond yield developed in the column bars. At the end of the
test, well-defined X cracking of the joint region could be observed in the
NW-SE direction (direction of loading), see Fig. 7. The column above and
below the joint region suffered severe compressive-shear spalling, reducing
its section greatly, though axial load did not reduce significantly.

The maximum resultant joint core shear, occurring at the first peak,
2A_, was 1760 kN and occurred at full column yielding without development

of'yield moment in the beams.

Specimen 3~BA-C: Bidirectional, Alternate

Deformations were applied alternately to the N-S and E-W beams. For
example, one cycle to A was applied to the N-S beams while the E-W beams
were held at dead load deflection and then with the N-S beams remaining at
dead load deflection the E-W beams were subjected to one cycle to 4_, and so
on. Shear and bond distress were noted before 1Ay was reached in each
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direction. Considerable nonlinearity can be seen in the load-deflection
plot, Fig. 5¢. Beam reinforcement reached yield and joint ties were near
yield at 1A . Compressive spalling appeared at the junctions of the column
and beam tog and bottom surfaces, similar to that seen in test 1-U-C. With
cycling of load, most loss of stiffness and change in shape of the hystere-
sis loops occurred after the first cycle of loading. Stiffness decreased
drastically when beam deflections were increased to 2A_ and shear cracking
and bond deterioration became extensive. Column bar stresses gradually
increased, and joint ties reached yield at 2A . Compressive spalling and
shear cracking caused increasingly severe disfress at the joint corners.
Joint shear cracking progressed into all beams. Figure 8 shows crack pat-
terns at the conclusion of the test, '

Maximum joint shear, N-S, was 1510 kN and E-W was 1420 kN. These
shears, like those in test 1-U-C, are approximately equal to that predicted
by Meinheit and Jirsa's static strength formula. Full flexural yield of
the beams was developed.

ANALYSIS AND COMPARISON OF RESULTS

The maximum loads and, therefore, joint shears sustained by the test
specimens were governed by flexural yielding, either of the beams or of the
column, With cycling at increased deformations, strength and stiffness
reduced. The degradation can be attributed to the distress in the joint
region, including shear cracking, bond distress, and accompanying shear and
compressive spalling in or near the joint. Pronounced pinching of the load-
deflection curves, even at low deformation levels, appears to be due to com-
bination of joint shear and bond distress. Bond along the beam reinforce-
ment through the joint was destroyed early in all tests, with the bars in
effect sliding through the joint under continued loading. Much of the com-
pressive distress observed in’ the beams and column under large deformation
can be attributed to the deterioration of bond along the bars through the
joint. Bars in tension were effectively anchored in the concrete compres-
sion zone of the member on the opposite side of the joint. This adds
greatly to the compression in those zones.

Comparison: Unidirectional vs. Simultaneous Bidirectional

Although column yielding limited the strength of the biaxially loaded
specimen (2-BS-C), the maximum resultant joint shear was 10 percent higher
than that reached by the uniaxially loaded specimen (1-U-C). The rates of
degradation of strength and stiffness of the two specimens were also about
the same. For the specimens tested, therefore, it appears that the strength
-and stiffness characteristics of the joint under skew loading are approxi-
mately the same as under loading in a2 principal plane of the joint. Note
that the specimens tested had square columns, uniform reinforcement, and
nearly identical intersecting beams.

Comparison: Unidirectional vs. Alternate Bidirectional

Careful comparison of the load-deflection plots of Specimens 1-U-C and
3-BA-C shows that the strength and stiffness of the biaxially loaded speci-
men at any point in the loading history is approximately the same as if all
of the loading had occurred in one plane only. Again, the double symmetry
of the specimens tested must be noted.
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CONCLUSIONS

Very high shears can be resisted by interior reinforced concrete beam-
column joints, but strength and stiffness may deteriorate rapidly with
load cycling, particularly with the first cycle at a particular amount
of deformation.

Bond deterioration along reinforcing bars may occur early in the load-
ing history and, combined with shear distress, may cause pinching of
the load-deflection curves as well as early compressive distress in
the joint region.

For the specimens tested, it appears that joint strength and stiffness
characteristics are approximately the same for skew loading as they
are for loading in the principal planes.

For the specimens tested, the behavior under alternating bidirectional
loading appeared to be approximately the same as if all loading were
applied in one direction only.
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DUCTILE BEHAVIOUR OF JOINTS IN PRECAST MEMBERS ASSEMBLED BY MEANS
OF PRESTRESSING UNDER CYCLIC LOADING

José I. ALVAREZ BALE’RIOLA : Hugo CORRES PEIRETTI
Instituto Eduardo Torroja Instituto Eduardo Torroja
Madrid, Spain Madrid, Spain

Rafael FERNANDEZ SANCHEZ
Instituto Eduardo Torroja

Madrid, Spain

SUMMARY

Partial results are presented of an experimental program on full size pre-
stressed precast concrete typical beam-column assemblies, under rever-
sed cyclic loading representing severe earthquake action. The present stu-
dy analyses some of the main variables of the characteristics of the mortar
joint placed between the precast members,

It is concluded that, for the cases under study: the behaviour of mortar
joint is satisfactory, large post-elastic deformations without a sensible
loss of strength can be available, energy dissipation once structural dama
ge has commenced may be considerable and a significant loss of stiffness
is produced under cyclic loading.

RESUME

Ici sont présentés les résultats partiaux d'un programme expérimental 2
dchelle réelle sur un ensemble poutre-colonne en béton préfabriqué precon-
traint soumis & une charge cyclique alternee qui représente una action sis-
mique séveére. Les principales variables analysées dans cette étude ont &té
quelques caractéristiques du mortier du joint placé entre les éléments pré-
fabriqués.

On en déduit que, pour les cas étudiés: le comportament du mortier du
joint est satisfaisant, peuvent se présenter de grandes déformations post-
¢lastiques sans perte sensible de résistance, la dissipation d'énergie, une
fois commencé le dommage structural, peut &tre considérable et se pré-
sente une perte significative de rigidité sous charge cyclique.

INTRODUCTION

It is a well recognized fact that, if building structures are to survive
strong-motion earthquakes at a low cost, they should be designed to
possess ductility so as to dissipate seismic energy in the event of severe
earthquakes (F.I1I.P., 1977).

It is also well known (Blakeley, Park, 1971),that in prestressed precast
concrete building frames, the behaviour of joints is a critical factor affec-
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ting the behaviour of the structures under seismic loading reversals and
specially the behaviour of the joint assembly formed when precast mem-
bers are post-tensioned together with mortar joints att he critical sections.

In May 1978 an experimental program on full size prestressed precast con-
crete typical beam-column assemblies, under reversed cyclic loading re-
presenting seismic action,was commenced at the Instituto Eduardo Torroja.

The program involves research on the behaviour of external as well as in-
ternal beam-column joints under quasi-static and dynamic reversed cyclic
loading, paying special attention to ductility, energy dissipation capacity
and deterioration of stiffness and strength.

The influence of a number of variable parameters is to be investigated,
specially mortar joint characteristics, different levels of prestressingand
amount of transverse reinforcement steel for concrete and mortar confine
ment. External loading will also be modified, since quasi-static and dyna-
mic loads will be imposed on different units to observe the general beha-
viour from a more realistic point of view,

The program aims to develop a rational seismic desing procedure and a
method for the evaluation of earthquake resistant properties for pre-
stressed precast concrete buildings,taking into account ductility, stiff-
ness degradation and energy dissipation considerations.

In this paper partial results corresponding to the two first units tested un
der quasi-static loading are presented.

OUTLINE OF TEST

General description

The beam-column test units represent, at full scale, the part of a multi-
story prestressed precast concrete frame. The units can be regarded as
being the part of a plane frame between the points of contraflexure at a
typical beam-exterior column joint,

The units were loaded by applying an axial vertical load on the columns,
representing the loading due to the weight of the building above the parti-
cular assembly and the overturning moment on the structure due to the
earthquake action, and by alternately repeated cyclic vertical loads on the
beam ends representing the reversed shears induced by seismic loading,
as shown in Fig. 1.

The constant axial force applied on the columns during the test was 861
kN which represents 0, 5 of the balanced failure load for a column mate
rials strength of f, = 40 MPa and fy = 420 MPa.

The column axis was held on the same vertical line during the test so
that the applied beam-end loads induced reactive shears.

Beams and columns were cast separately and assembled together, with a
moist pack joint of variable characteristics, placed between the elements
by means of post-tensioned cables passing through the columns into an
exterior anchor block before they were placed in testing position.
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The longitudinal steel content was such that, for each unit, the flexural
strength of the column section was greater than that of the beam section;in
this way the plastic hinge was enforced in the beam rather than in the
column.

Description of test units

Overall dimensions and detailing of beam and column sections are shown
in Fig. 2, and described in Table 1. Material properties are also shown in
Table 2. Beams were designed to possess aproximately the same
strength for both units.

Prestressing tendons were formed by eight plain round high tensile wires,
which were post-tensioned to aproximately 75 % of their yielding stress at
transfer, and then grouted. Passive reinforcement in the beams was added
for handling purposes. Columns were made of ordinary reinforced concre-
te.

In beams and columns, steel stirrups were placed to satisfy the shear re-
quirements according to CEB-FIP Model Code. Special reinforcement of
the beam hinge zone, the column joint core and its adjacent region was
placed according to ACI-318-71,

Since one of the aims of the tests was to observe the behaviour of the
moist pack mortar joint at the critical sections, the main difference
between the test units were the mortar joint characteristics. Unit 1 had a
2,5 cm thick mortar joint, while in unit 2, it was 10, 0 cm thick and hada
steel stirrup placedin the middle. In both cases no attempt was made to
improve the roughness of the interfaces ofthe precast members.

TEST PROCEDURE

Loading cycles

The test specimens were subjected to a number of series of quasi-static
cyclic loadings which attemptedto simulate the effect of a severe
earthquake.

The loading sequence was monitored controlling the displacements at the
beam ends as depicted in Fig. 3. g no in this figure represents the
beam end deflection corresponding Zf)rommately to the design yield mo-
ment of the beams, this being computed using nominal strength of mate-
rials at the critical sections. The last series in test 1 and the four last
series in test 2 were kept on the negative side because of the restriction
of the testing apparatus.

Experimental procedure

In both units, the columns were axially loaded by means of a hydraulic
jack, The variable load on the beam end was applied by means of a 50 kN
double acting hydraulic jack controlled by servovalve while jack displace-
ment and jack force were continuously registered by plotter.

Direct reading of hinge rotations was obtained from 1.v.d.t. supported
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by small aluminum frameworks which were in turn attached to pins in the
concrete. The rotations were continuously and intermitently registered.

The surface concrete strains in beams and columns were measured by
means of mechanical and electrical resistance strain gages, deflections in
beams and columns were obtained from dial gages and vertical mortar
joint slipping was measured using optical devices., Induced reactive
shears at the ends of the columns were registered by means of load cells,

TEST RESULTS

Fig. 4 shows measured beam moment at the critical section versus beam
end deflection for both units and damage in both units at the peak of the
last cycles.

During the first loading run, the opening of visible cracks were observed
at the mortar joint interfaces due to the lack of tensile strength in both
units, the recovery at the end of this first series of cycles was almost
complete with negligible visual residual damage. Energy dissipation,
measured as the area within the hysteresis loop for every cycle,stiffness
and strength degradation, were also insignificant.

In the following loading series, after the moment capacities of the beams
were reached and crushing of mortar and concrete had begun, that is,

when the units behaviour was within the inelastic range, energy d1ss1pat1m
increased and degradation of strength and stiffness ocurred.

When reading the measurement devices at the end of every run, while pesk
deflections were maintained, a stress relaxation was observed,

Strength degradation was observed comparing the first cycles of the
series whose deformation was over 2 y, nom. Where the maximun
strength was reached. This was also observed comparing the results of the
lifferent runs in any series, being more significative between the first
and second cycles than between the last one.

Stiffness degradation was noticeable comparing the two firts cycles of each
series, but almost inexistent between the second and the third. On the
other hand, stiffness degradation was also significative when comparing
the first cycles of every series.

Energy dissipation was important for large post-elastic deformations,
specially during the first cycles of each series,

Moment-curvature diagrams, measured at the hinge zone are quite similar
in shape to the beam moment-beam end deflection diagrams shown in Fig.
4. This may be due to the fact that most of the inelastic deformation of

the assembly ocurred at the plastic hinge region.

It was observed that even though cracks in the mortar joints were wide
open, over aproximately two-thirds of their section depth during the cy-
clic reversals, little amount of mortar was lost. Anyhow, unit 1, which
had a narrower mortar joint without any binding reinforcement showed a
more monolithic behaviour. In unit 2, which had a thicker mortar joint
and a stirrup placed in the middle, damage was more concentrated at
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the mortar joint since the spalling of mortar cover limited the progresi
ve degradation of the concrete cover. '

In unit 2, a noticeable vertical slip of 0, 035 cm was observed in the ¢
cracks formed between the precast beam interface and the mortar joint
during the three last series of cycles. This slip was not registered in
unit 1.

The columns and the column joint cores, apparently did not suffer any
damage, as expected. Only the opening of very narrow flexure cracks
was observed.

ANALYSIS OF TEST RESULTS

In both units aproximately the same beam flexural strength was mea-
sured at the critical section in the firstloading runs into the inelastic
range. The differences between these values and the theoretical flexu-
ral strengths are reasonable (6 %).

Strength deteriaration, as stated above, which was observed in every
series, was suppossed to be due to cyclic crushing of concrete and mor-
tar, which led to a loss of material and a reduction in the sectional area
In order to explain the different moment value reached at the peaks of
each cycle of any series, it was thought that concrete and mortar cy-
clic behaviour and prestressing steel Bauschinger effect were proba-
bly the most important reasons.

Stiffness deterioration mentioned above was thought to be due to the
corresponding stiffness degradation of concrete and prestressing steel
under inelastic cyclic deformation, and possible deterioration of bond.

During the first cycle of every series energy dissipation was far more
important than for the second and third. This was probably due to the
fact that during the first cycle after steel yielding was reached, a new
progressive plastic deformation of prestressing steel ocurred, which
did not happen for the following two cycles, and moreover stiffness de-
terioration of the concrete was more noticeable. In the next two cy-
cles of any series, the prestressing steel showed a near elastic be-
haviour, so that area within the hysteresis loop was not enlarged be-
cause of this fact. Energy dissipation in the second and third cycles was
almost identical, but always greater in the second cycles than in the
thirds.This was probably due the characteristics of the cycles behaviour
of the constitutive materials of the section,

It is apparent, from test results, that appreciable post-elastic deforma-
tions are available. In both units, the typical displacement ductility fac-
tors, proposed by SEAOC code and other international recommendations
ranging from 3 to 5, were surpassed without significant strength degra-
dation.

Altogether, a ductility factor based on the assumptiom of equal energy
concept (Nakano, Okamoto, 1978), was obtained for both units. The re-
sults wereM g = 7,0 for unit 1 and My = 8, 3 for unit 2.

Longitudinal strains measured on the members, allowed curvature dis-
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tribution to be obtained. The equivalent plastic hinge lengths calculated as
the width of the rectangle having the same area as the inelastic curvature

distribution (Blakeley, Park, 1971), (Park, Paulay, 1975) were aproxima-
tely 26 cm and 22 cm for units 1 and 2 respectively, which is in good agre
ement with the findings of previous research (Blakeley, Park, 1971),(Park
Thompson, 1977) indicating that the plastic hinge length is about one half

the overall depth of the hinge region.

When deformations over 6 { v, nom were reached, after a considerable
number of cycles, the slipping at the cracks between mortar and precast
beam at the interfaces became more noticeable, which probably means
that after a progressive deterioration of the friction shear resistant me-
chanism, dowel action seemed to become more significative.

CONCLUSIONS

1. Mortar joints between precast elements at critical sections showed a
satisfactory behaviour under seismic type loading reversals.

2. Large post-elastic deformation and adequate ductility factors are avai
lable for precast concrete members assembled by means of prestrenssing
even if ]Z‘ESlve ]_npo“i‘l‘udlna]_ steel at the critical sections is not available.

3. Energy dissipation is small as long as crushing of mortar and concre-
te and yielding of the prestressing steel are not enforced. Afterwards, du-
ring the inelastic range, a considerable increase is noticeable specially
for the first cycles of every series. '

4. After several series of loading cycles, a substantial stiffness degrada-
tion occurs.Strength deterioration was not important (lessthan 18 % at the
end of test runs).-
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TEST UNITS STEEL DETAIL

TABLE 1.
BEAN SECTION COLUMN SECTION
Prestressed Non Transverse | Special reinf | Longitudinal | Transverse |Column Joint Core Reinforced
stell prestressed steel at beam joint steel steel e
long. steel region Longitudinal | Transverse
Pr Psi Pst Psconf Pse Pst Ps, joint Ps, joint
807 4g1o0 | gs-200" | @8-55° g2 | p8-200" 2g12 @8-100°
(0,273) (0,279) (0,2) (0,731) (0,861) (0,2) (0,9)
8g7 4 @10 (Z)EB—ZOO0 ¢8-55° 8@12 ¢8-200° 2@12 @g8-100°
(0,273) (0,279) (0,2) (0,731) (0,861) (0,2) (0,4)
BLE 2. MATERIAL PROPERTIES OF UNITS
Concrete Mortar Non prestres. . Column Joint Core
compresiver Compresiver Prestressed Steel long st Beam stirrups stirrups stirrups
§1¥223?E o‘c’ffﬁ?rrf\%fgf 0,2% | Tensile Yield Yield Yield Yield
at time of testing @ Proof |sfrength @ strength @ strength @ |strength @ |strength
testing stress
MPa MPa mm| MPa MPa |{mm| MPa |mm| MPa |mm| MPa mm!| MPa
442 53,7 7 i 1.440 | 1.800 %g 420 8 420 8 420 8 420
43,3 51,3 7 | 1.440 | 1.800 }CZ) 420 8 420 8 420 8 420

Fig. 2 Dimensions of the test units and
detail of sections (cm)
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EXPERIMENTAL STUDY ON THE BEHAVIOUR OF REINFORCED CONCRETE BRIDGE
PIERS UNDER SEISMIC ALTERNATING LOADS

Yoshio OZAKA Minoru OHTA
Tohoku University Ministry of Construction
Sendai, Japan Tokyo, Japan
SUMMARY

The results of investigations of the influences of spacing and
configuration of hoops on behaviour of bridge piers under seismic alternating
loads using 6 single column bridge pier specimens of cross-sectional
dimensions 40%80 cm and height of 155 cm are reported.

Les resultats d'etude exparimentale mené sur six modéles en béton
armé avec la section 40x80 cm et la hauteur 155 cm sont reportés. L'etude
s'est effectuée afin de préciser des effets du ecartement et de la
configuration des armature transversales sur le comportement de la pile du
pont en béton armé soumise 3 l'action alternative sismique.

1. BACKGROUND OF STUDY

Experiments to clarify behaviours of reinforced concrete columns during
earthquake have chiefly been conducted concerning those in building
structures. In experiments in the past, members with certain properties
indicated in Rovr(fs in Table 1 have mainly been treated reflecting
properties for columns in actual buildings. In contrast, ordinary single-
column bridge piers are almost all of the properties given in Row (2) of
Table 1, and differ considerably from building columns both structurally
and mechanically. Experimental studies on such members have seldom been
made.

Table 1. Comparison of Properties for Building Columns and Bridge Piers
Shear Steel Ratio (%)
S~ Span | Tension [ Hoop | oON = N/Ac  Remarks
Structure-. | Ratio | Bar, Pt Pw (N/mm?)
i 12 Principal ranges
<§) gulldlng 1.3 1.2 0.2-1.2 212 in past experi-
olumn
ments
- ‘ Values for most
(2)|Bridge Pier| >3 <1 <0.1 1.2 actual bridge
piers

It has been thought that evaluations of safety against earthquake of
ordinary bridge piers are made satisfactorily by the seismic coefficient
method, but in view of the fact that in recent earthquakes damages have
frequently occurred to reinforced concrete bridge piers, particularly,
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those of relatively low height, it is thought necessary to reexamine the
earthquake resistance of structures of this type.

The study reported here has been made with the purpose of investigating
the fundamental behaviours under cyclic loading of column members such as
described above.

2. EXPERIMENT METHOD
(1) Specimens

The properties of specimens were determined as indicated in Fig. 1
refering to those of single-column bridge piers with a shear span ratio of
about 4 Which are frequently used for bridges. The hoop ratio was selected
as 0.04, 0.08 and 0.16 %. The configurations of hoops were the three
varieties (single hoop, double hoop, and combined single hoop and cross
ties) indicated in Fig. 1. It is specified in the standards of the Japan
Society of Civil Engineers that hoop spacing should be not more than the
minimum lateral dimension of the column. The hoop spacing of Specimen F
corresponds to the maximum value (40 cm) according to this provision.

Materials used are as given in Table 2.

(2) Loading Method

Loading apparatus in Fig. 2 was used. Horizontal cyclic loading was
performed under a condition of a constant axial force applied by a constant
loading apparatus. In order not to restrict horizontal displacement of
the column, a sliding plate using rollers was provided between the loading
plate of the constant loading apparatus and the top surface of the column.

The horizontal load was applied at the height of 140 cm from the column
base. Load was increased, at first, up to the theoretical yeild point of
the column (load Py = 220 kN, displacement §y) based on the yeild point of
longitudinal reinforcing steel, subsequent to which one-direction cyclic
loading (Spacimen A) and cyclic loading (Spacimems B~F) with 28y, 30V.eeenn
as displacement amplitudes were performed. The number of repetitive
loadings for 8y, 28y, 338y..... was 10 times for each amplitude level.

(3) Measurements

Horizontal displacements of columns were measured by strain gauge-type
displacement meters and extensions from footings of longitudinal bars at
column bases by dial gaugetype displacement meters. Strains in longitudinal
bars and concrete at column bases, and strains in the hoops nearest the
column bases (the second hoop also in case of Spacimen C) were measured by
wire strain gauges.

3. EXPERIMENTAL RESULTS
(1) Strength and Deformation Capacity

The hysteresis loops of all of the specimens are shown in Fig. 3, and
the envelopes of the loops in Fig. 4.

Specimens B to E showed stable loops up to loading to 38y, but
strengths dropped drastically during cyclic loading to 43y and the ultimate
states were reached. Specimen F indicated stable loops up to loading to
28y, but strength dropped while loading to 38y, and after 10 cycles of the
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loading, decreased to approximately one half of Py, and nearly reached the
ultimate state. Specimen A loaded in one direction, reached a maximum load
(261 kN) during loading to 78y, subsequently dropping to Py while loading

to 116y, and after 10 cycles of loading to 128y, fell to approximately o.7Py.

With the envelopes in Fig. 4, the maximum displacement corresponding
to the strength being maintained at the level not less than Py is defined
as ultimate displacement Su, and the ratio to 8y, Su/dy, is defined as
ductility factor. Then the ductility factor was 3 for specimens B to E
and 2 for Specimen F, while that for Specimen A was 11. This result
indicates that ductility factor is greatly lowered in case of load reversals
as compared with one-direction loading. ‘

The theoretical value (1) indicated in Fig. 4 is a value, §;, determined
by elasto-plastic calculations of horizontal displacement due to bending
deformation of the column. The theoretical Value(?D was obtained
considering §; and the displacement accompanying rotation of the column
due to extension, A, of longitudinal bars from footings. In this case a
triangular distribution of bond stresses in the footings was assumed. The
theoretical value C:)is a value considering 2A as the extension of rein-
forcement under cycling loading referring to the suggestion by Krawinker
and Popov [1], in addition to §;. The theoritical values of ultimate
displacement (points U;, Uz and U3 in Fig. 4) are corresponding to the
strain of concrete 0.35 Z%.

Measured displacements differed greatly from theoretical value(j) and
indicate a trend closest to theoretical value(}). The extension of rein-
forcement measured after loading at 8y reached close to 2A. As for
horizontal displacements measured at mid-heights of columns, the values
were close to the half of the displacements at the loading point in load-
ings to 8y and 28y. These facts indicate that the influence of the fixed
end rotation due to the extension of reinforcing bars on yielding displace-
ment of a column is extremely great.

The energy absorbing capacity of columns under load reversals were
examined by the equivalent viscous damping coefficients, heq, obtained
from the loops for the second cycles in Fig. 3, and the results as shown
in Fig. 5 were obtained. In Fig. 5, it may be seen that heq is greater
the larger the displacement amplitude with all specimens within limits of
deformation not more than 48y, and that Specimens C (closely spaced single
hoops) and D (double hoops) have greater energy absorbing capacity than
other specimens, while the capacity of Specimen F with wide hoop spacing
is extremely small.

(2) Modes of Failure

The cracked states of columns after loading to 38y are shown in Fig. 6.
With Specimen A loaded in one direction, bending cracks produced during
loading to S8y grew in a slightly diagonal direction while loading to 28y
and 38y. 1In Specimens B to E subjected to load reversals, in addition to
bending cracks produced during loading to 8y, diagonal cracks were developed
from the longitudinal bar locations at column bases during loading to 248y
and 38y, and during loading to 48y, shear distortions gradually became
greater and the ultimate states were reached. In Specimen F, when shear
distortions suddenly increased during loading 38y, simultaneously indicated
development of cracks along longitudinal bars and reached the ultimate state.

With specimens subjected to load reversals, cracks went completely
through at column bases, during loading to Oy, and it was observed that
crack opening were enlarged as displacement amplitudes were increased.
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For example, in the case of Specimen C, the average crack openings after
loading to 28y and 38y were 1.30 mm and 1.67 mm, respectively. From this
fact, it is considered that cracks which are opened during loading to &y
could not close in the earlier stage of each cycle of loading to 28y, so
that the shear force carried only by the dowel actions of the longitudinal
bars, then the diagonal cracks descrlbed above were developed.

As described above, in the cases of the columns considered here, the
modes of failure differed for one-direction cyclic loading and load
reversals, and in case of load reversals, it is clear that diagonal cracks
which develop more prominently the larger the deformation have a dominant
influence on strength and ductility of columns. Therefore when the safety
against earthquake of such columns are to be examined through calculations
based on the P-§ model of one-direction loading, it is necessary to consider
the influence of reduction in strength and ductility under load reversals.

(3) Strain of Reinforcing Steel

As illustrated in Fig. 7, strains in longitudinal bars at column bases
indicated, stable historys during loading to Sy, and the strains suddenly
increased during the first cycle of loading to 28y.

The strains in legs parallel to the direction of horizontal load of
rectangular hoops are indicated in Fig. 8. Strains in outer: legs of the
hoop at a height of 20 cm from the column base in Specimen C and of the
hoop at the same position in Specimen D, during loading to 38y, were
gradually increased up to the yielding strain (approximately 1.5 X 10~ %)
with development of diagonalcracks and they reached to yielding at the earlier
stage of loading to 48y. 1In Spec1mens B and E, the strains remain roughly
below 1 x 10-3 during loading to 30y, and they drastically increased to
the yielding during loading to 48y. On comparison with the hysteresis
loops in Fig. 3, it may be clearly seen that the sudden decreases in column
strength during to 40y corresponds with yielding of hoops.

With Specimen F, since the positions of hoops are distant from the
diagonal cracking zone, the strains at hoops are extremely small compared
with the other specimens.

On comparisons of the 3 gpecimens of C, D and E with identical hoops
ratios, it may be said that double hoops (D) or closely spaced single hoops
(C) are more effective than a combination of single hoops and cross ties (E).

The strains in legs perpendicular to the horizontal load increased
suddenly after the rapid increases in strains at legs parallel to the
horizontal load occured. This was clearly due to pressure brought about
by deterioration of concrete surrounded by hoops, and it was observed that
legs which were straight at the beginning had been considerably bent at
the ultimate dtage.

4. CONCLUSTON

From the results of L.,_)’L,lJ.L. J.Oaulu;-_', tests of reinforced concrete column
having cross sections of 40 x 80 cm, shear span ratio of 3.5, longitudinal
steel ratio of 0.82 7, and varying ratios and shapes of hoops, the following
may. be pointed out as suggestlons for examining earthquake resistance of
such columns:

1) The influence of the extension of longitudinal bars from footings

on the lateral displacement of single-column-bridge piers under load
reversals is extremely great.
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2) The ductility factors of the columns under load reversals are
greatly decreased as compared with the case of one-direction loading.
It is necessary to consider the influence of the reduction in strength
and ductility under load reversals when the safety against earthquake of
such columns are to be examined through calculations based on the P<§
model of one-direction loading. ‘

3) In so far as the strength of a column is adequately maintained,
the energy absorbing capacity of the column tends to be greater the larger

the displacement amplitude.

4) The hoop spacing not less than the minimum lateral dimension of
the column may not be adequate for this type of columns. The maximum
spacing may be desirable to be not more than half of the minimum lateral
dimension of the column. With regard to the shapes of hoops, double hoops
or closely spaced single hoops seem to be more effective rather than
combined single hoops and cross ties, if the hoop ratio is to be constant.

5) It is necessary hereafter to further aim for accumulation of
experimental data with respect to cases where specifications of columns
are differed in various ways. Still further, it will be necessary for
more detailed investigations to be carried out on the behaviours of
anchorage zones in footings of longitudinal bars of columns.

REFERENCE

1 H. Krawinkler and E. P. Popov: Hysteretic Behaviour of Reinforced
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TAB.-2 MATERIALS

REINFOR- GRADE | Osy (N/mm?) Osu(N /mm?)|ELONGATION (%)
CING BAR |MAIN BAR |SD-30,019| 373 540 28
HOOP | SR-24,69 | 380 500 33

Cement : High-early-Strength Portland Cement
Aggregate : Natural Sand and Grovel

CONCRETE| . |EAvEL|SLicmMe(s|Satel— A TRV
25 |8+2|65 | 45 | 249162 |856l0.76

STRENGTH | 0c=284~31.0N/mm?, AVE.29.2 N/mm?(6 Specimens)

MATERIAL
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TEST ON REINFORCED CONCRETE MEMBERS REPAIRED FOLLOWING DIFFERENT
TECHNIQUES AFTER HEAVY DAMAGE

A. SAMUELLI FERRETTI
Istituto di Scienza delle Costruzioni
Roma, Italy

SUMMARY

Reinforced concrete members, kept under constant axial load during their whole test-hi-
story, were subjected to a first series of alternate bending cycles,; a repair followed, and a second
series of bending cycles. The bending was pushed well beyond yielding of steel and first cru-
shing of concrete, as it happens during violent earthquakes.

Three different repair techniques vwere employed.:

1) adequate lengths of longitudinal bars and stirrups were added around the damaged zone,
and embedded in new concrete.

1) Short sections of bars were welded to the damaged ones, and the damaged zone was
restored by means of new stirrups and cement plaster.

111} The damaged zone was restored by means of epoxy mortar.

The first technique behaved rather poorly, because the imposed rotation concentrated in a
short zone and collapse followed after three cycles,; the best results were given by the epoxy
mortar, while the second technigue gave intermediate results.

RESUME

Une charge axiale constante a été maintenue sur chaque spécimen an cours de tout /’essai;
on a appliqué une prémiére série de cycles de flexion jusqu‘a I’étirage de I'acier et I’écrasement
du béton, c’est a dire des dégéts tels qu’on a en suite de séismes violents.

On a réparé les dégéts, et ’'on a ensuite appliqué une deuxiéme série de flexions.

Trois techniques de réparatios ont été appliquées.

1} Placement d’armatures longitudinales et transversales, suivi par remplissage en béton autour
de la zone endommagée.

1) Soudure d’armatures longitudinales, placement d’étriers et application d’enduit en mortier
de ciment.

111) Placement d’enduit en mortier epoxy.

La prémiere technique a donné de mauvais résultats, car la déformation s’est concentrée
sur une courte étendue de la poutre et le spécimen n’a pu survivre que 2-3 cycles de flexion. La
deuxiéme technique montra une meilleure resistance & la fatigue, et la troisiéme une résistance
presque égale a celle de la poutre originaire.

The test specimens have been studied for a previous series of tests on plastic fatigue [1] -
[2] of prismatical columns of concrete under axial load and alternate bending.
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Fig. 1 — Testing setup.

The testing arrangement is the usual one, of a beam subjected to two equal joads symme-
trically placed about the middle section; the lateral parts subjected to shear have a stronger cross
section with respect to the central part, in which the bending moment is constant. The specimen
is instrurnented in the central section of this part. The axis is placed horizontally while the beam
is suspended on vertical hangers whose upper ends are free to move, following the large displa-
cements imposed to the beams by means of an hand operated screw. The reacting forces are
measured by means of inductive dynamometers, as shown in the figure (1.}.

The cross section of the beam is 120 x 200 mm, the flexure is applied along the weak axis;
fongitudinal reinforcement consists of four 8 mm deformed bars, whose ¢-€ diagram is shown in

figure (2).
Stirrups of 4 mm diameter are placed at 50 mm spacings. Strength of concrete has an
average value of 35,0 MPa, so that a mechanical reinforcement percentage of 15,7% is attained,

while the geometrical one is of 0,83%.

G

Mpo.y
00 +
600 ¢+
500
400

300 1+

00

10000 20000 30000 A0'000 AE

Fig.2 — Stress-strain diagram of the steel.

Axial force has been applied in the form of an external prestressing, by means of two steel
cables co-axial to the beam, and kept in tension by the interposition of four helical springs. Loss
of axial forced due to shortening of the specimen during the fatigue cycles did not reach 6% of
the original value, which was of 96.000 N, corresponding to a stress of 4,0 MPa over the concre-
te section.
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Measuring of deformation was made by means of two groups of inductive displacement tra-
nsducers, placed at the central part of the specimen over a 360 mm base. The first group (four
transducers at the corners of the cross-section) gives the different digital values of the single stra-
ins, recorded on tape, while the second group of two, placed along the flexure plane of the
beam, gives directly the curvature on the abscissas of an analogue plotter. The output of the
dynamometers placed on the stressing arm gives the ordinates on the same plotter.

The axial load has been applied at the beginning of the testing of each specimen, and its va-
lue controlied both trough the measure of the shortening of the springs and directly by means
of a couple of dynamometers placed in series with the stressing cables. It is worth noticing that
the axial force applied is 1,10 times larger than the one necessary to bring to yielding the longi-
tudinal reinforcement; this value seems to have a definite meaning on the behaviour of the co-
fumns [2].

The series of cycles of alternate bending is therefore applied as follows:

— three cycles up to the maximum curvature, determined by the ratio:

depth of the cross-section ~ h 120 0.024
radius of curvature R 5000 B

— Three cycles up to a curvature .

N o012
R adi

— Twenty cycles up to the maximum service bending moment, which, computed following
the italian building code based on the allowable stresses, has a value of 2600 Nm.

After this first series of bending cycles, the measuring devices are disassembled and repairs
take place, while the axial force is maintained. '

It has to be pointed out that, as it can be seen from the photographs, the situation of the
damaged zone is quite sirnilar to that observed in columns of structures damaged by violent ear-
thquakes.

It can be said, as a matter of fact, that the three well known stages of bending in reinforced
concrete are observed, followed by a fourth one.

After the first stage (uncracked), the second (cracked) and the third (steel yielding), the
fast having the feature of a flattening out of the moment-curvature diagram, the fourth stage
shows a well distinct falling branch, due mainly to crushing and spalling of the unconfined con-
crete, in spite of strain hardening of steel.

The maximum compressive strain of the concrete, measured locally by means of resistance
strain gages, lies between 2000 and 3000 pe; at such values the strain ceases to increase, the
concrete shows crushing, and spalling takes place, while the strain gage, if undamaged, comes
back to zero strain.

As far as the steel in concened, the maximum strains are in the range of 17°000 ue. Cracks
are formed at 100 - 120 mm spacings, and reach a maximum width of about 3 mm.

During the first cycle of curvature, maximum bending moment reaches values of about
8500 - 9500 N m, in good agreement with the theoretical one, which, computed following the
C.E.B. recommendations, assuming a rectangular stress block, equals 8800 Nm.

Spalling of concrete reaches a depth of a little more than 20 mm; that means that between
stirrups the remaining core is less than the confined one; thus, the cross sectional area of concre-
te is about halved.

Compressed bars are buckled, with a displacement of 1+ 1,5 times their diameter.
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During the cycles of imposed moment of service value no appreciable decay of the beam
was observed; the maximum curvature reached was from 15 to 20 times larger than the one of
the first cycle, in the uncracked stage.

Having thus completed the first series of bending cycles, repairs were provided, following
three different techniques. A total of six specimens were tested, that is two for each technique.

| Technique. After an accurate cleaning of the exposed concrete, with removal of detached
parts, four longitudinal 10 mm bars of 400 mm length were applied around the damaged zone,
with new stirrups of 4 mm diameter and 30 mm spacing.

The characteristics of the embedding new concrete were as follows, per cubic metre of mix:

natural gravel 1+ 8 mm, 0,800 m3,
natural sand 0,3+ 1,5 mm, 0,400 m3,
cement of 425 kg/cm? type: 500 kg
water 250 kg

This concrete, vibrated, rea-
ched the strength of 17,2 MPa after
three days, 26,0 MPa after 8 days.
The scleromatric index (Schmidt)
was of 38,5 at the time of the
second series of bending cycles.

The repair resulted in a con-
crete ‘“casing’’ having the overall di-
mensions of 179 x 240 x 480 mm.

After hardening of concrete
the second series of bending cycles
was imposed, up to the value of
h/R = 0,024, that is the maximum
one reached during the first series.

The resisting bending mome-
nts of the first cycle were larger
than the ones of the first cycle du- Fig.3 — | Technique.
ring the first series, but their value
decayed rapidly; during the third
cycle failure in tension of the pre-
viously buckled bars took place,
and the testing was stopped. As it
could be easily foreseen, the defor-
mation and the damage took place
in short sections outside the rein-
forced “casing”’.

Il Technique. The repairs consi-
sted of four lengths {150 mm) of
8 mm bars, welded on place along
the buckled ones, and new 4 mm
stirrups at 20 mm spacing. The new
steel reinforcement was then em-
bedded in mortar plaster. This mor-
tar was the plastic one employed in
quality control of the strength of Fig.4 — | technique, after second series. Failure of a bar is visible.
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Fig.5 — | technigue. Recorded moment-curvature cycles before and after repairs.

cements, that is a three to one mix of special sand (0,5 = 1,6 mm)} with 425 concrete, and a W/C
ratio of 0,5. Average strength at 8 days was of 25,5 MPa, with a sclerometric index of 33,2.

The second series of bending
consisted of three 0,024 h/R cycles,
followed by twenty 2500 Nm cy-
cles, and by as many 0,024 h/R cy-
cles as it was possible. Damages to-
ok place at the ends of the repaired
zone.

/11 Technique. A plaster of epoxy
mortar was applied at the damaged
zone, which had been previously
cleaned and covered by a thin film
of epoxy primer, still fresh when
the plastering took place.

The mortar mix was as follows:

6 parts in weigth of quartz
sand, composed by a fine
(0,2 mm) and a coarse one
(1,5 mm).

1 part in weigth of epoxy re-
sin. :

The resin was prepared by mi-
xing 100 parts in weigth of CIBA
BY 154 resin, with 35 parts of HY
2995 hardener. Average strength
was of 68,5 MPa.

The stress strain diagram is gi-
ven in Fig.11.

After repair strain history fol-
lowed, equal to the one applied to
the specimens repaired with the
Il technique.

In the figures 12 and 13 ma-
ximum resisting bending moments
0,24 h/R curvature are plotted aga-
inst the number of cycles.

Fig.6 — Il Technique. Welded bars and new stirrups are shown.

Fig.7 — 1l Technique. Damages after the second series of ben-
ding cycles. - ‘
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It can easily be seen that the first technique is
not apt to give a good resistance against fatigue; after
three cycles the flexural strength has fallen to less
than 1/3 of the original one.

The second technigque shows a valuable improve-
ment of behaviour, because as many as 6 cycles are
possible; it has also the advantage of needing only a
welding equipment and an usual cement plaster, that
is simple means usually available in building yards.

The third technique is by far the best one as
long as results are concerned; it needs special means,
but no reinforcement is added. The spalled parts of
concrete are simply replaced by the epoxy mortar.
Also curing is very rapid, because sufficient strength
is obtained after 12 hours.
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Fig.13 — Decaying of repaired specimens.

It is of the utmost importance, anyway, to avoid a sharp increase of the cross section, beca-
use the strain concentration causes a rapid decaying of the strength.
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REPEATED-LOADING EXPERIMENTS ON R;C. ELEMENTS REHABILITATED WITH
RHEOPLASTIC MORTAR

G. AUGUSTI F. FOCARDI
University of Florence University of Florence
Florence, Italy _ Florence, Italy
E. MANZINI M. VALENTE
University of Florence Mac Mediterranea S.p.A.

Florence, Italy Treviso

SUMMARY

Out of a series of 24 full scale models of a r.c. column and its joint to

a rigid beam, the first four specimens have been tested under constant
axial load and a cycling horizontal displacement process, simulating strong
earthquake action, which produced heavy damage and a marked reduction of
the load-carrying capacity. Then, the specimens were repaired, by means of
a special premixed rheoplastic concrete (EMACO s 88), without variation of
dimensions, but otherwise adopting different details; and tested under the
same loading process. The responses of the v1rg1n and repaired specimens
are discussed and compared

RESUME'

On expose les résultats experimentaux des essais sur quatre (les premiers
d'une suite de 24 modéles) piliers en beton armé, encastrés a 1’ extrémité
inférieure dans une poutre rigide, chargés par une force axiale constante
et soumis & un déplacement horizontal assimilable & un fort tremblement de
terre. Ces sollicitations causaient de graves dommages et une considérable
réduction de la capacité portante. Enfin les modéles étaient réparés par
un beton spécial preconfectionné (Emaco S 88), sans augmenter leurs dimen-
sions originales, adoptant différentes méthodes de reparation pour 1l'acier,
et étaint de nouveau soumis au méme essai. On compare enfin les résultats
sur les modéles neufs et sur ceux soumis & la reparation.

1. INTRODUCTION.

In the last few years, a number of reinforced concrete structures, se-
verely damaged by earthquakes or other exceptional loads, have been repaired
by the reconstruction of the damaged zones: some laboratory tests (e.qg.
Gulkan, 1977; Lee et al., 1977; Tassios et al., 1977) have shown that in
this way it is possible to obtain resistances of the repaired structure
comparable to those of the original one, with respect to both static and
repeated loads. ,

Among the most successfull materials used for this type of rehabilitation,
there are special premixed rheoplastic concretes, which, thanks to their
specific chemical and mechanical properties, allow a quick and easy treat-
ment, and a rapid restoration of strength: also, the original structural
dimensions can be maintained, if so required by architectural and/or functio
nal reasons. This specific technique has been recently applied in Friuli,
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where many buildings, repaired after the May 1976 shocks, survived satisfac
torily the strong September shocks (Il Calcestruzzo oggi, 1976-77).

However, it appears that the reliability of repairs with rheoplastic
concretes has never been substantiated by laboratory experiments, nor the
advantages, difficulties and problems connected with different alternative
repair and rehabilitation techniques have ever been systematically compared.
Therefore, in the Structural Laboratory of the Civil Engineering Department
- University of Florence, a systematic experimental investigation on the
techniques of repair of r.c. structures has been started. _

The results of the first group of tests, performed on r.c. portal frames
repaired by rheoplastic concrete without addition of reinforcement and loaded
by a sinusoidal horizontal force, have already been reported (Augusti et al.,
1978) : they can be regarded as a preliminary confirmation of the effective-
ness of the investigated repair technique. However, apart from the small
number of tests performed, the writers feel that the practical validity
and significativeness of the results obtained is limited by the fact that
the axial loads in the specimen columns were much smaller than in actual
buildings: indeed, the details observed in the experimental rupture zones
are remarkably different from those observed in many real instances (in par
ticular, because of the absence of buckling waves in the longitudinal rein-
forcement). Moreover, the four beam-column joints in each frame did not fail
simultaneously and behaved differently one from another, which does not al-
low a clear distinction between primary and secondary phenomena. Also, the
loading history (a number of slow oscillations at constant amplitdde, then
other cycles at a larger amplitude, and so on up to heavy damage of the

specimen), although of the same type used in most similar experiments,
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FIG. 1: Test specimens. FIG. &: Test set up.

is not felt to be the bestschematization of earthquake actions in structural
elements.

Therefore, a new series of 24 specimens has been prepared, each represen-
ting a simple full-size half-column and its joint to a rigid beam (Figs.1-2).
This paper reports on the tests of the first four specimens in this series.

254



2. DESCRIPTION OF SPECIMENS.

The new specimens are as shown in Fig. 1. Thery are intended to simulate
realistic conditions: for instance, in 12 specimens out of 24, the reinfor-
cing bars are not continuous, but joined by superposition, as in practice
it often occurs at the bottom end of concrete columns. All specimens have
the same geometrical dimensions, while the nominal diameter of the four lon
gitudinal bars is either 12, 16 or 20 mm: Feb 44 k steel was used for the
bars. Each specimen is denoted by a letter (A in case of 1nterrupted bars,
B in case of continuous bars), followed by the diameter of ‘the bars (12,16
or 20) and a number (1 to 4): the present paper reports the tests of speci-
mens A 16/1,2,3,4. The 28~ day concrete characteristic cubic strength of the
A spec1mens was 515 kgf/cm (52.5 MPa); the dynamlc elastic modulus 483500
kgf/cm

The length of the specimen columns is about half the most usual free
length is actual buildings. Thus, a transverse force at the top of the
specimen gives approximately the same bending moment/shear ratio in the
bottom section as in real buildings with rigid beams, subjected to horizon-
tal actions.

3. LOAD HISTORY AND REPAIR PROCEDURES.

The "beam" stub was rigidly fixed to the testing bench, and two hydraulic
double-effect jacks were applied at the top of the specimen (Fig. 2): the
vertical jack maintained a constant force of 35 t (correséonding to 50 kgf/
cm? approximately) throughout each test, while the horizontal jack applied a
pre-programmed displacement whose typical record, symmetric about the initial
position, is shown in Fig. 3: this load history was intended to simulate the
most damaging part of the actions during a strong earthguake shock which,
apart from the number of cycles, shows roughly the same general shape, as
confirmed by many numerical investigations (e.g. Matteuzzi, 1978; Fig. 4).
Also, this history, being independent of the specimen response, should al-
low significative comparisons of the behaviours. (Only in the first .test of
specimen A 16/1, the horizontal displacement was applied statically; cf.

Fig. 9). The reactive force in the horizontal jack was also recorded (Fig.5),
and showed that the amplitude of the applied displacement was such that the

L AN R A L
VY

e 5
#1G. 3: Typical record of the experi  FIG. 4: Typical storey displacements,
mentally applied displacement. calculated from the EL Centro record.

strength begun deteriorating before the maximum displacement had been reached.
Indeed, at the end of the test, heavy damage was evident in the bottom zone
of each speciment column: the concrete had cracked and spalled, and the longi
tudinal bars buckled with permanent waves (Fig. 6).
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FIG. 5: Record of fbrce in the
horizontal jack.

FIG. 6: Specimens A 16/2 after firsttest (sides B and C of bottom end
Of‘column, ef. Fig. 1).

After the first test, the concrete was demolished for a depth of 4-5 cm
all around the perimeter of the damaged zone of specimens A 16/1, A 16/2
and A 16/3; in the case of A 16/4, in which the core had been more severely
damaged, all concrete was demolished (Fig. 7); then, the reinforcement was
repailred in four different ways, namely:

A 16/1: the longitudinal bars were flame-heated and straightened;

A 16/2: besides straightening, three 6-mm-dia. stirrups have been added at
5 cm intervals;

A 16/3: stubs of virgin bars were welded to the ends of the bent portions
of the original reinforcement, which afterwards were cut;

A 16/4: besides substition of bent bar portions as in A 16/3, three stirrups
were added as in A 16/2.

After the reinforcement had been repaired as just described, the specimens
were soaked, and a special premixed rheoplastic concrete (EMACO S-88) was
poured, so to restore the original specimen sections. After approximately
28 days (in which the repairing concrete reached a cubic strength of 920
kgf/cm* approximately), each specimen was subjected again to the same repea-
ted-load histery as in the first test: again, heavy damage occurred in all
specimens (Fig. 8). '

4. TEST RESULTS AND DISCUSSION.

The forces in the jacks, and the displacements of the specimen top end
‘were recorded with continuity in each test (cf. Figs. 1, 3 and 5); the force
recorded in the horizontal jack was then corrected to take account of the
relevant component of the vertical force (dotted line in Fig. 5). The strains
in the concrete and in the reinforcing bars were also recorded by inductive
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FIG. 8: Specimens A 16/1 and A 16/2 after second test (sides 4 and C,
ef. Fig. 1).
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transducers and electric~resistance gauges respectively, but are not reported
in the present paper.

The most significative plots are those of the peak corrected horizontal
force vs. peak displacement of specimen top end in each loading cycle,

The plots for the virgin and repaired specimens are shown in Fig. 9; while
Fig. 10 compares the plots of the four repaired specimens.

It is evident from Fig. 9 and 10 that the strength of the repaired speci-
mens was generally higher than that of the virgin ones, and not significantly
affected by the repair procedures. On the contrary, the degradation during
loading (measurable by vertical segments such as AB in Fig. 9, A 16/3) is
much smaller in the repaired specimens in which stirrups were added (A 16/2
and A 16/4): the different aspect of the specimens with and without added
stirrups after testing is also remarkable (cf. Fig. 8). On the other hand,
it is not possible (at least at the present stage) to distinguish between
the effects of straightening or substitution of the buckled bars.

The planned future tests will further investigate these tentative indica-
tions. However, it seems already fair to state that the simplicity and
effectiveness of the rehabilitation with rheoplastic concrete has been again

confirmed.
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