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INELASTIC BEHAVIOUR OF REINFORCED

CONCRETE MEMBERS WITH CYCLIC LOADING

D. C. Kent* and R. Park**

Summary

The results of an investigation into the
behaviocur of reinforced concrete members sub-
jected to cyclic loading in the inelastic
range are summarized. The investigation comm-
ences with studies of the Bauschinger effect
for cyclically stressed mild steel reinforce-
ment and the influence of rectangular steel
hooping on the stress-strain behaviour of
concrete, Using these derived Stress-strain
curves the moment-curvature relationships for
reinforced concrete members under cyclic load-
ing are studied theoretically and compared with
the results of a series of tests on reinforced
concrete beams under cyclic loading.

1. Introduction

The growing use of digital computers as a
design tool has resulted in very rapid advances
in the dynamic analyses of structures. However,
the study of the factors on which such analyses
are based, namely the behaviour of structural
components, has fallen behind. This is well
illustrated by the inaccurate elasto-plastic
idealization for moment-rotation behaviour under
cyclic loading which is generally used to pre-
dict the inelastic response of reinforced
concrete structures subjected tc seismic ground
motions,

Most of the existing evidence concerning
the post-elastic behaviour of reinforced con-
crete members has been obtained from theoretical
work or tests in which the loads have been
applied monotonically until failure. Few
investigations have been conducted to determine
the behaviocur of reinforced concrete members
under high intensity cyclic loading typical
of seismic motions. Examples of investigations
into the behaviour of reinforced concrete
members under cyclic loading are those of
Aoyamﬁ‘, Agrawaly, Tulin anpd Gerstle®, Burns and
Seiss”; Hanson and Conner~ and Betero and
Bresler5. Theoretical moment-curvature plots
have been obtained by Agrawal, et al®, on the
basis of simplified stress-strain curves for
the steel {including the Bauschinger effect)
and the concrete, but many other investigators
have ignored the Bauschinger effect and the
ma jority of the work has been experimental.

This paper summarizes an investigation
which extends existing work. The investigation
commences with studies of the Bauschinger effect
for mild steel reinforcement and the stress-
strain behaviour of concrete confined by steel
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hoops. On the basis of the derived stress-
strain curves the moment-curvature relation-
ships for reinforced concrete members under
cyclic loading are studied thecretically and
compared with test results.

2. Stress-Strain Properties of Mild Steel

2.1 Stress of the Same Sign

The stress-strain relationship for mild
steel subjected to monotonic loading is well
known and easily defined. Fig. 1 shows this
behaviour. Under repeated loading of the same
sign the unloading and reloading stress-strain
paths follow the initial elastic slope and when
the strain regains the value at which unloading
commenced the stress-strain curve continues as
if unloading had not occurred. Hence the
monotonic stress-strain curve forms an
envelope for repeated loading regardless of
whether unloading is initiated in the elasticy
plastic or strain-hardening region. However
this is not the case when the sign of the stress
is reversed.

2.2 Reversal of Stress

Little information is available regarding
the behaviour of reinforcing steel when sub-
jected to alternating tensile and compressive
stress. Under cyclic loading the stress~strain
properties of steel become quite different from
those associated with purely tensile or com-
pressive stress. This is known as the
Bauschinger effect and results in a lowering of
the reversed yield stress. Once this phenomenon
has been initiated by a yield excursion,
linearity between stress and strain is lost over
much of the loading range. This steel behaviour
is strongly influenced by previous strain
history; time and temperature alsoc have an
effect. Fig. 2 illustrates the properties of
the Bauschinger effect. It should be noted that
the unloading path of both signs follows the
initial elastic slopey as does the reloading
pathy; after which the stress-strain curve
resumes as if unloading had not occurred.
is of importance because it means that in a
structure after an earthquake there will not be
incremental failure in the steel due to repeat-
ed live loading. The reversed stress at which
the Bauschinger effect commences; but below
which the Bauschinger effect does not occur,
is known as the transition stress.

This

In a preliminary study of the Bauschinger
effect Singh; Gerstle and Tulin’ found that
the history of previous loading had an effect on
the slope of the curved part of the reversed
stress-strain curve. Neverthelessy; from their
experiments they arrived at a simple expression
representing an average of the family of



reversed loading curves. Their expression

£ = 64,500 - 52,700 (00838)100053

s PoSelo

o oo (1)

represents a curve which is extended backwards
to meetl an initial elastic slope at the trans-
ition stress as is shown in Fig. 3. The test

specimens on which equation (1) was based all

came from the same batch and hence variations

in the virgin properties of the steel were not
considered in their investigation.

2.3 Cyclic Loading Tests on Steel Specimens

To check the validity of equatioen (1) for
a variety of mild steel bars and to examine
other possible mathematical representations for
the Bauschinger effect a number of New Zealand
rolled deformed bar specimens of ", Sw, 2w gngd
In diameter were tested®, The variables
studied were the virgin properties of the
material and the previous strain history. The
loading was applied statically but Singh, et
a2l have reported that the effect of rate of
straining is not noticeable over the usual
range of test speeds. Hence the results should
be applicable to the strain rates associated
with seismic loading.,

The test specimens were 5%% long between
the end plates. The central 25" length was
machined to %" diameter for the " and §v
diameter bars and to £" diameter for the " and
g" diameter bars. The specimens were Screwed
into the end plates and bolted into a specially
constructed test rig. The load was applied by
means of screw jacks as their use allowed strain
control when loading in the plastic range. The
strain was measured over a 2" gauge length.
Considerable care was taken to ensure that
eccentric loading did not become significant
during the loading runs. However slight
eccentricity of loading may have been present
because the yield stresses measured were
consistently 3000 - 5000 p.s.i. lower than
those cbtained from machined specimens of the
same bar tested in an Avery testing machine,
and the yield point was not so distinct. The
ultimate stresses by comparison were almost
identical. A variety of loading cycles was
applied to study a range of initial strains
and unloading and reloading sequences from
tension and compression after the Bauschinger
effect had been initiated.

2.4 Further Expression for Bauschinger Effect

To determine a general formula for the
loading (curved) part of the stress-strain
curvey; each cycle of eleven test specimens was
isolated and subjected to a least squares
analysis fog a variety of possible mathematical
expressions . Firstly, the Singh, et al,
equation (1) was generalized by putting the
vield and ultimate stresses in the numeral
constants in general terms, However, unsatis-
factory correlation was obtained with previous
strain history; in particular the calculated
transition stress was too high. A variety of
cther mathematical formulations were also
tried and found to be unsati§factory.

Finally the Ramberg-0Osgood function was
chosen. This function can be written in terms
of stress and strain as follows :
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wheresch and fch are the "characteristic" strain
and stress, respectively, and r is the Ramberg-
Osgood parameter, Fig. 4 shows a plot of
equation (2). The shape of the curve changes
with the value of r. Inspection shows fsh and
€., are related such that

fch = Es&n o o o (3)

Hence given Eg the function simplifies to an
equation involving two unknowns, r and f . A
disadvantage of equation (2), however, is that
an increase in strain will always result in an
increase in stress and the desirable boundary
conditions of dfs/dss = o and fg = fgy when

€s = €g, cannot be complied with. Hence the
expression can only be expected to apply
accurately when €45 ¢ Egy-

The values for f.n and r for each of the
loading cycles of the eleven test specimens
were determined using a least squares analysis,
It was found that the ratio f ,/f, was depend-
ent on the amount of plastic strain produced
in the previous cycle €jp7, the ratio fch/fy
becoming lower with increasing prior plastic
strain., With the help of a least squares
analysis the following equation for f,, was
fitted:

fCh/fy =

0,744
1og:g(1+1oooe:.l

0.071

1000€ .
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+ 0,241
e (L)

pl)

Equation (4) gives fop/fy < 1 when €ip1> 0,0015,
reducing to 0.45 whene. = 0,022,
ipl

When the values for r given by equation
(4) were plotted against the various factors
only the cycle number N showed any correlation
with r. The cycles were numbered N = 0, 1,
2y, ocscs where first yield occurs at a cycle
number N = 0 and N = 1 is the first post-yield
stress reversal. There was a good deal of
scatter in the plotted results but the odd-
numbered cycles showed lower values of r than
the even-numbered cycles, and r became smaller
as N increased. A least squares analysis gave
the following expressions for r:

For odd-numbered cycles:

b.bg 6.03

r = Tog(1+N) -~ N + 0.297 e e oo (5)
e e -1
For even-numbered cycles:
2. o 46
r = 29 0. 469 + 3.04 o oo (6)

log(1+N) ~ N

In the first eight cycles, the value for r
given by equations (5) and (6) was between 4
and 5 for N even and between 23 and 3% for N
odd.

It is to be noted that equations (2) to
(6) apply to the loading parts of the stress-






