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STRENGTH DEGRADATION OF CONCRETE BEAMS UNDER CYCLIC 

LOADING 

R.C. Fenwick* 

This paper will be presented at the Third South Pacific Regional 
Conference on Earthquake Engineering, Wellington, May 1983. 

SYNOPSIS: 

The mechanisms for resisting flexure and shear in the plastic 
hinge zones of b e a m s , which are subjected to cyclic loading, are 
examined. The results of thirty-eight beam tests w h i c h have been 
reported in the literature are reviewed, and criteria are developed 
for predicting the energy which may be dissipated and the accumulated 
inelastic deformation that may be sustained before strength degradation 
occurs. 

NOTATION: INTRODUCTION: 

A , A 1 

s' s 

A , A 
v v i 

E b ' E u 

V 
dye 

k, K 

yc 

the area of flexural reinforce­
ment which is restrained 
against buckling by one 
stirrup leg. 

the areas of flexural 
reinforcement on each side of 
the beam which have yield stress 
levels of f and f 1 and are 
located at distances 
of d and d* from the compress­
ion surface of the beam. 

the cross-sectional area of a 
stirrup and one leg of a 
stirrup. 

the diameter of a flexural 
reinforcing bar. 

the energy dissipated in a 
beam, w h i c h is equal to p E 
where E is the energy dissip­
ated by the complete 
test unit. 

the longitudinal projection 
of the diagonal crack in a 
hinge zone. 

the cylinder crushing strength 
of the concrete. 

the diagonal compression stress 
associated with a shear force 
of acting on the hinge. 

a factor equal to 1 if the 
stirrups yield in the hinge 
zone, and equal to 0.67 if 
they do not yield. 

factors allowing for magnitude 
of displacement on strength 
degradation. 

the theoretical flexural 
strength of the beam under 
cyclic inelastic loading. 
The associated shear force is 
V 
yc. 

s spacing of stirrups . 
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B U L L E T I N O F T H E N E W Z E A L A N D N A T I O N A L S O C I E T Y F O R 

Current design rules for multi-storey 
frame buildings in N e w Zealand are based 
on the assumption that under severe seismic 
conditions plastic hinges may form in the 
beams. To develop rational design 
rules it is essential to know how the 
repeated inelastic displacements, which 
may be applied to these zones in an 
earthquake, affect their stiffness and 
strength. The behaviour of these hinges 
has been studied in a number of projects. 
During the last decade and a half several 
methods have been developed for predicting 
the flexural response of these zones 
(1, 2, 3) , and recently a w a y of calculat­
ing the shear deformation has been 
presented (4). However, before dynamic 
analyses of structures can be carried out 
to examine behaviour up to the point 
where collapse is imminent, it is necessary 
to have criteria w h i c h define how much 
accumulated inelastic deformation or 
energy dissipation can be sustained before 
strength degradation occurs. 

In the light of the mechanisms of 
flexural and shear resistance of hinge 
zones, the results of several series of 
beams which have been tested under inelastic 
cyclic loading conditions are reviewed. 
Factors influencing strength degradation 
are identified, and criteria are developed 
to predict the energy w h i c h may be 
dissipated by a hinge zone. 

This study is limited to beams 
reinforced for shear by stirrups which are 
normal to the axis of the member. Members 
containing cross ties in the w e b or 
diagonal bars have been excluded from 
this study. Experimental results show 
that both these details can lead to a 
marked improvement in the performance of 
the hinge zones (5, 6, 7) . 

BASIC THEORY FOR HINGE ZONES OF BEAMS: 

The basic mechanisms of shear 
resistance in the plastic hinge zones of 
concrete beams subjected to inelastic 
cyclic loading have been out-lined in 
detail elsewhere (4). In this paper only 
a brief outline of the main features is 
given. 

The first complete inelastic load 
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cycle which is applied to a beam causes the 
flexural reinforcement to yield in tension, 
first on one side of the member and then 
on the other side. W h e n , at the end of 
the cycle the load is removed, an open 
crack exists right through the beam owing 
to the tension yield strain in the steel. 
Under subsequent loading the flexural 
compression force must be resisted by 
the reinforcement in the compression zone, 
unless or until this force reaches a 
magnitude which is sufficient to cause the 
steel to yield in compression and so 
close the cracks in the concrete. Thus 
the compression zone reinforcement 
carries a very much greater proportion 
of the compression force than would be 
indicated by standard flexural theory. 
Furthermore, the cyclic loading and 
unloading of the concrete (8) together 
w i t h the cracking and disruption caused 
by the yielding of the deformed bars which 
slip towards the cracks, reduce the 
stiffness and strength of the concrete 
in the compression zone. Consequently 
the normal code rules which have been 
developed for predicting the ultimate 
flexural strength of members under m o n o -
tonic loading conditions do not apply 
to the inelastic cyclic case. 

In beams with equal areas of flexural 
tension and compression reinforcement 
the internal level arm, after the first 
complete inelastic load cycle, is equal 
t o the distance between the reinforcement 
centroids ( d - d 8 ) . Provided the ratio of 
th e flexural steel area lies in the range 
of 0.5 to 2 there is little loss in accur­
acy in using this value for the internal 
lever arm. With this approximation the 
flexural strength is given by: 

M = (d-d 1) A y c s (1) 

T h e subscripts y and c are used to 
indicate that the parameter (in this 
case a bending moment) refers to cyclic 
loading conditions where the flexural 
reinforcement in the compression zone has 
b e e n previously yielded in tension. The 
shear force associated with this moment 
is given by: 

v y c M . V/M 
yc ' 

(2) 

w h e r e V/M is the moment to shear ratio for 
the direction of loading being considered. 

Often the internal lever arm (d-d 1) 
w h i c h acts after the compression zone 
steel has been yielded in tension is 
smaller than the internal lever arm 
corresponding to initial conditions. This 
can lead to a decrease in the maximum 
bending moment sustained in the second 
cycle of inelastic loading. Such a 
case is illustrated in Fig. 5. In 
subsequent cycles the moment capacity 
increases as a result of strain hardening 
of the reinforcement. 

With the reversal of the direction 
of the shear force, intersecting diagonal 
cracks form through the beam dividing the 
concrete into a series of diamond-shaped 
b l o c k s , as illustrated in Fig. la. Under 
these conditions the shear resisting 

mechanisms of aggregate interlock and 
dowel actions (16) are ineffective, and 
as a result n o shear can be resisted by 
the concrete (V = 0 ) . All the shear 
is resisted by a truss-like action in 
which the stirrups act as ties and the 
concrete resists the diagonal compression 
forces (see Fig. l b ) . 

Figure 2 shows the forces acting 
across a diagonal crack in a beam when 
a shear of V is applied. As all the 
shear is resisted by the stirrups the 
equilibrium requirements are given by the 
equation: 

V = A f yc v vs 

where A v f v g 

f/s (3) 

is the cross sectional area 
of the stirrup times the stress acting 
in it and f/s, which is the longitudinal 
projection of the diagonal crack divided 
by the stirrup spacing, is the number of 
stirrups crossing the crack. 

The inclination of the diagonal 
cracks and the diagonal compression 
forces in the w e b may be found by studying 
the compatibility requirements of the 
hinge zone. These are illustrated in 
Fig. 3 where the flexural deformations 
in a length f of the hinge are considered. 
The compression zone is subjected to 
circular bending so that a rotation 0 
develops between the tangents at points 
A and C. As a result of this curvature 
point C rises by a distance of f 0/2 
from the tangent at point A. The diagonal 
C B 1 rotates through the same angle 0 
causing point B 1 to drop a distance of 
f 9 from point C. Consequently the 
increase in depth of the beam measured 
from A to B' is equal to 0 f/2. It is 
this movement w h i c h generates stresses 
in the stirrups, and if the rotations 
exceed a certain critical level, © .. , 

' crit 
the stirrups w i l l yield. This critical 
value can be found by equating the yield 
extension of the stirrups to the increase 
in depth of the beam. Thus: 

0 c r i t f / 2 = S * f v y / E (4) 

where is the overall (outside to outside) 
length of the stirrup, f ^ is the yield 
stress in the stirrup and E is the elastic 
modulus. As the average curvature 
between A and B is equal to 0/f equation 
4 may be rewritten as: 

crit = 2 Sn f / (E f 
I v y / 

(5) 

where ^ c r j _ t is the hinge zone curvature 
which causes the stirrups to reach the 
yield point. Any curvature in excess 
of this value leads to an incremental 
yield extension of the stirrups, A S ^ , 
which is given by: 

A S i = ( " c r i t > / 2 (6) 

and the resultant yield extension at any 
stage is found by summing all the increment­
al extensions. In these calculations 
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(a) Crack Pa t te rn Under Cyclic Load ing (b) Truss Action in Hinge 

Fig. 1 - Crack Pattern and Truss Action in Hinge Zone 

Fig. 2 - Equilibrium Requirements in Hinge Zone 

Fig. 3 - Flexural Deformation in Hinge Zone 
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the curvatures are measured from the 
previous zero load position. 

Strain hardening of the flexural 
reinforcement allows the shear force to 
increase above the V value. However, 
as the stirrups usually strain harden 
at about the same rate as the flexural 
reinforcement, the value of f , as given 
in equation 3 does not change. If 
deformations are to be calculated some 
allowance needs to be made for the increase 
in ¥ . . arising from this strain hardening 
( 4 ) . C r i t 

The effect of the yielding extensions 
of the stirrups on the deformation of a 
hinge zone can b e visualised from the truss 
analogy, as illustrated in Fig. 4. For 
a beam to be capable of resisting shear 
forces which reverse in direction, diagonal 
compression forces must be able to develop 
in either direction. With the shear 
forces acting in the clock-wise direction, 
as shown in Fig. 4a, diagonal compression 
forces are sustained between D and B, and E 
and C. The stirrup between B and E has 
yielded. The diagonal members AE and BF 
carry n o load, and due to the extension 
of the stirrups they contain wide cracks 
(representing the diagonal cracks in the 
b e a m ) . When the load is removed 
elastic recovery occurs in the truss member, 
but the cracks in AE and BF remain open 
owing to the yield extension of BE. When 
the load reverses these cracks have to 
close so that they can sustain the necessary 
diagonal compression forces. The shear 
displacement associated with this crack 
closure gives rise to the well known shear 
pinching characteristic in the load 
deflection curves, and it is this which is 
responsible for most of the stiffness 
degradation that occurs at low load levels. 

FACTORS INFLUENCING STRENGTH DEGRADATION IN 
BEAMS: 

When a series of inelastic load cycles 
are applied to a beam the load sustained at 
the peak displacements usually increases 
due to strain hardening and then decreases 
due to stiffness or strength degradation. 
Stiffness degradation is associated with 
the yielding extension of the stirrups 
while strength degradation occurs due to 
excessive buckling of the reinforcement 
o r the disintergration of the concrete 
in the w e b of the beam. In some beam 
tests strength degradation clearly limits 
the load capacity of the beam after a 
number of cycles, see Fig. 6a and b , while 
in others, with the degree of stiffness 
degradation that has occurred, the 
amplitude of displacement applied at the 
end of the test is insufficient to develop 
the maximum shear resistance. Beam T2A, 
which is shown in Fig. 6c, illustrates 
this type of behaviour. In the last 
cycles of this test a greater displacement 
w o u l d have enabled the shear that was 
resisted to have increased to its previous 
level. 

In Fig. 5 for beam TIB the maximum 
shear sustained in each half cycle of 
loading is plotted against the energy 
dissipated to that stage. This curve 
is typical of many beams. The peak shear 

forces initially increase and then decrease 
gradually with energy dissipation until 
the maximum shear falls to close to the 

value. Further energy dissipation 
results in a rapid decrease in strength. 
In this paper strength degradation is 
assumed to occur when the beam can n o 
longer sustain a shear of V 

yc 
In developing criteria to predict 

strength degradation it was necessary 
to identify those beam tests in which 
strength degradation had not occurred 
when the test was abandoned. Some 
judgement was required for this. For 
example the load deflection curves of 
beams 88-32-RV5 and TIB, illustrated in 
Fig. 6a and b , show clear evidence of 
strength degradation, but this is not 
the case w i t h beam T2A, see Fig. 6c. 
Of the thirty-eight beam tests examined 
in this paper some six beams did n o t 
show clear evidence of strength degradation 
and these results were disregarded when 
an empirical equation was derived from 
the test results. 

When strength degradation occurs 
the w e b of the beam disintegrates, and 
it can no longer sustain the diagonal 
compression forces required to resist the 
shear. This observation suggests that 
the diagonal compression stress in the 
web is one of the principle factors 
influencing strength degradation. As a 
measure of this action the diagonal 
compression stress sustained by the 
concrete due to a shear of V was 

yc 
calculated for each beam. It was 
converted into a dimensionless ratio by 
dividing by the cylinder strength of the 
concrete. In sumbols this ratio was 
f d y c / f c ' -

Figure 8 shows a diagonal compression 
force acting in a beam. If the inclination 
of this force D to the axis of the b e a m 
is and if it is sustained by one stirrup, 
then: 

A f . , v vs = D sxno< 

If the width of the web is b and the 
stirrup spacing is s the diagonal 
compression stress is given by: 

f d y c s b s i n < * = D 

and hence 

f d y c = A v f v s 2 (7) 
s b sin ©< 

Two different cases need to be recognised 
to calculate the diagonal compression 
stress from this equation. 

(1) If the stirrups yield, the inclin­
ation of the diagonal crack, and 
hence the compression forces is 
given by: 

^ = t a n " 1 (d-d 1) /f 

where f may be found from equation 3, 
and f is equal to f 
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(a ) Shear C lockwise (b) Shear A n t i - c l o c k w i s e 

Fig. 4 - Truss Analogy for Shear Resistance of Hinge Zone 
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(2) The stirrups cannot yield if the stir­
rup yield force " A v f " is greater 
than the maximum s h e a r y f o r c e on the 
beam, and they are unlikely to yield 
if A f exceeds V . In this v vy yc 
case only one stirrup can cross each 
crack, and consequently the value 
of f may be taken as s. For 
this condition the diagonal compress­
ion stress is given by: 

dye s b sin^o^ 

w h e r e 

04 tan (d-d')/s 

From the test results it was apparent 
that the energy dissipated by the beams 
increased with the flexural strength of 
the member. To allow for this effect the 
energy dissipated at strength degradation 
w a s divided by the average of the M ^ c 

values determined for positive and 
negative hinge rotations. The resultant 
non-dimensional value is analogous to the 
sum of the inelastic rotations occurring 
in a plastic hinge behaving in a perfectly 
elastic-plastic mode. In symbols this 
ratio is given by Efc/ Mycav' w n e r e E

b 

is the energy dissipated in the beam. The 
reinforcement ratios of A f /bd and 

s y 
(A f - A ' f ')/bd were evaluated in s y s y 
case the influence of the flexural strength 
on dissipated strength was not linear. 
However, inspection of plots of the results 
failed to show any significant influence 
of these parameters in the range of 
variable covered by the tests. 

Two ratios which measure the restraint 
provided against buckling of the reinforce­
m e n t are: 

i) The stirrup spacing s divided by 
the diameter of the flexural rein­
forcement and 

ii) The area of longitudinal reinforce­
ment A. which is restrained against 
buckling by one stirrup leg divided 
by the cross sectional area of that 
leg A ,. These two ratios were 

^ vl 
adjusted so that they were close 
to unity in typical test beams, and 
they were evaluated for all the 
tests. The first ratio was s/4d, ' 

D 
and the second was A^/SA^^. 

It was anticipated that yielding 
of the stirrups would reduce the capacity 
of a hinge zone to dissipate energy in a 
number of ways. The growth in depth 
of the beam, which is associated with 
stirrup yielding, causes the reinforcement 
to bulge in the hinge zone. This action 
is likely to reduce the buckling resistance 
of the reinforcement. The disruption 
caused by the yielding of the stirrups 
and the displacements associated with the 
movement is likely to reduce the capacity 
of the concrete to sustain the diagonal 
compression stresses. A series of 
regression analyses were made to see if 
the magnitude of the yield extension of 

the stirrups could be correlated with the 
energy dissipated at strength degradation. 
However, no significant effect could be 
detected though a major difference w a s 
noted in the behaviour of those beams w i t h 
yielding stirrups as compared with those 
containing non-yielding stirrups. This 
phenomenon may be seen from the load 
deflection diagrams shown in Fig. 6. 
The stirrups did not yield in beam 
88-32-RV5 which is shown in Fig. 6a. 
The load deflection curve is convex and 
there is no sign of shear pinching. The 
curves for beam T2A and TIB, are typical 
of those with yielding stirrups. The 
magnitude of the shear pinching can be 
seen to increase with each inelastic load 
cycle. 

Of the thirty-eight beams examined 
in this paper the theory outlined earlier 
indicated that in eleven of these the 
shear reinforcement would not yield. In 
four of the beams tested by Brown, and 
one tested by Scribner, the maximum shear 
force that was sustained was less than 
the force required to yield a stirrup. 
In a further six beams tested by Brown 
the necessary curvature and sustained 
shear force were insufficient to initiate 
yielding. The beams with non-yielding 
shear reinforcement are identified in 
Table 2. 

There w e r e two possible effects 
arising from the use of different grades 
of reinforcement. The higher strength 
steels undergo more strain-hardening 
than the lower grades, and this would 
lead to longer hinge zones w i t h a c o r r e s ­
ponding decrease of curvature ductilities. 
Some enhancement in the energy dissipation 
performance of the hinge could w e l l be 
expected to follow from this. However, 
the beneficial effect could in part 
be offset by the higher diagonal compression 
stresses induced in the beam due to the 
enhanced shear capacity associated with 
the strain hardened moment of resistance. 
To allow any general trend of the rein­
forcement grade to be assessed from the 
test results the ratio obtained by dividing 
the yield point of the flexural reinforce­
m e n t expressed in M Pa by 275 was evaluated 
for each beam. 

INTERPRETATION OF TEST RESULTS: 

Details of the beam tests examined 
in this paper are given in tables 1 
and 2 and the method of testing the members 
is illustrated in Fig. 7. In all cases 
the beams w e r e tested as free cantilevers, 
but the springing details varied consider­
ably. In all but one test the b e a m 
flexural reinforcement yielded in the 
springing block or column, and this 
energy was dissipated in this zone. To 
compare the results of the different 
test series it was necessary to assess 
the proportion of the total energy that 
was dissipated in the beam. 

In the series of tests carried out 
by Brown ( 9 ) , Ismail(10) studied the bond 
performance of the beam flexural rein­
forcement in the springing block, see 
Fig. 7a. From measurements he m a d e on 
the reinforcement the proportion of the 
displacement of the load that arose from 
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FLEJCURAL REINFORCEMENT ! 

Beam b d d M/V f ' 
c 

No - d - £ 
• & y 

Stps.- S -f M 
yc 

M 
yc 

P 

Reference mm mm mm mm MPs ram MPa mm MPa 

BROWN* 
88-35-RV5 152 251 54 1524 41.4 2 x 25-317 2 x 25-317 2 x 9 . 5 --127-340 65 65 0.49 107 

88-35-RV10 152 251 54 1524 38.6 2 x 25-324 2 x 25-317 2 x 9 . 5 --127-340 66 65 0.49 80 

66-35-RV5 152 254 51 1524 39 . 3 2 x 19-338 2 x 19-33B 2 x 9 . 5 --127-340 40 40 0 . 5 5 81 
66-35-RV10 152 254 51 1524 36.6 2 x 19-324 2 x 19-331 2 x 9 . 5 -127-340 38 39 0 . 5 5 40 
88-32-RV10 152 251 54 1524 42 . 8 2 x 25-303 2 x 25-317 2 x 9 . 5 - 51-340 62 63 0.49 157 

88-32-RV5 152 251 54 1524 39 . 3 2 x 25-303 2 x 25-310 2 x 9 . 5 - 51-340 62 65 0.49 228 
66-32-RV5 152 254 51 1524 36.6 2 x 19-324 2 x 19-324 2 x 9 . 5 - 51-340 38 38 0,. 40 142 
6 6 - 3 2-RV10 152 254 51 1524 33.1 2 x 19-317 2 x 19-331 2 x 9 . 5 - 51-340 37 39 0 . 5 5 102 
86-35-RV5 152 251 54 1524 34 . 5 2 x 25-310 2 x i y-317 2 x 9 . 5 -127-340 64 37 0.52 93 
86-35-RV1Q 152 251 54 1524 34 . 5 2 x 25-310 2 x 19-317 2 x 9 . 5 -127-340 64 37 0.53 55 
88-34-RV5 152 251 54 762 34 . 5 2 x 25-310 2 x 25-317 3 x 9 . 5 -102-340 63 65 0.49 48 
88-34-RV10 152 251 54 762 39 . 3 2 x 25-317 2 x 25-310 2 x 9 . 5 -102-340 65 63 0.49 40 
66-35-RV5 152 254 51 762 35 . 9 2 x 19-310 2 x 19-317 2 x 9 . 5 -127-340 37 37 0 . 5 5 23 
66-35-RV10 152 254 51 762 37 . 2 2 x 19-324 2 x 12-324 2 x 9 . 5 -127-340 38 38 0 . 5 5 21 
SCRIBER* 

1 203 218 33 1054 34 . 3 2 x 19-337 2 x 16-357 2 x 6.4 - 51-294 36 27 0.65 36 
3 203 257 46 1054 34 . 3 3 x 19-337 3 x 16-357 2 x 6.4 - 64-294 62 46 0.65 34 
5 203 218 33 787 27.4 2 x 19-363 2 x 16-363 2 x 6.4 - 51-294 39 27* 0.65 30 " 
7 203 257 46 1054 27.4 3 x 19-363 3 x 16-363 2 x 9 . 5 - 64-520 67 46 0.65 41 
9 254 307 46 1524 34.1 4 x 25-415 4 x 22-340 2 x 9 . 5 - 64-294 225 141 0 . 6 5 149 
11 254 307 46 1219 34.1 4 x 25-415 4 x 22-340 j 2 x 9 . 5 - 64-294 22b 141 0.6b 77 

FONG* 
FA1 200 442 58 923 30.0 5 x 20-290 5 x 20-290 3-6 J 

2-10 J 
100-300 175 175 0.85 42 . 3 

FIB 200 442 58 1329 30.0 5 x 20-290 5 x 20-290 4 - 6 j 
1-10 i 100-300 175 175 0.85 67 . 5 

F2A 200 442 58 173b 34.7 5 x 20-280 5 x 20-280 5-6 - 100-3O0 169 169 0.85 79.6 
F2B 200 442 58 2142 34.7 5 x 20-280 5 x 20-280 5-6 - 100-300 169 169 0 . 8 5 93.6 

F3A 200 442 58 1329 27.7 5 x 20-280 b x 16-298 4 - 6 j 
1-10 ) 100-3OO 164 123 0.85 57.1 

F5A 20O 444 56 1326 48.6 5 x 16-392 5 x 16-392 4 - 6 ) 
l-lO j 100-3U0 153 153 0.85 111.0 

FSB 200 444 56 923 48.6 5 x 16-392 b x Ifo-392 3-6 J 
2-10 J 

100-3OO 153 153 0.85 50.0 
TANKAT* 
TLA 200 440 60 1500 3 3 . 2 5 x 20-311 5 x 20-311 2-10 j 

1 -6 ! 
100-307 184 184 0.85 51 

TIB 200 440 60 1500 42.1 5 x 20-311 b x 20-311 2-10 j 
1 -6 i 100-307 184 184 0.85 67 

T2A 200 440 60 1500 37.6 5 x 20-306 5 x 20-306 I 2-10 ) 
1 -6 1 100-307 182 182 0.8b 56 

T2B 200 440 40 1500 37.6 5 x 20-306 3 x 20-306 2-10 j 
1 -6 ' 

100-307 196 114 0.8b 56 

T3A 200 440 60 1490) 
2310) 35.6 5 x 20-306 5 x 20-306 i 2-10 j 

1-6 i 100-307 187 187 0.85 75 

T3B 200 440 60 1490) 
2350J 35.6 5 x 20-306 5 x 20-306 2-10 ) 

1 -6 j 
iOO-307 187 187 0.85 93 

T4A 200 440 60 12 30) 
2020) 33.4 5 x 20-312 5 x 20-312 2-10 ) 

1 -6 ] 
100-307 190 190 0.8b 67 

T4B 200 440 60 IbOO 33.4 5 x 20-312 5 x 20-312] 
10 x 10-29bj 

2-10 J 
1-6 ) 

iOO-307 270 180 0.85 82 

UNIT 2 250 455 45 1815 36 . 2 S 3 -
2-10 j 
1-6 ) 10O-320 193 193 1.0 94 

POPOV* 
43 381 641 y s l y s o 34.7 6 x 28-414 6 x 28-414 2 x 12-7-76-414 893 89 3 0.61 509 

35 

i 
381 641 95 1980 26.6 6 x 28-462 6 x 28-462 2 x 9 . 5 -144-366 994 994 0.61 117 

Table 1 - Details of Test Beams 
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Beam fdyc v y c Vy s Energy proportions in bands n = Comments 

Reference kNs kNs 4d b 8 A v l 1 3 5 7 9 11 

BROWN 
88-35-RV5 0. 073 42. 4 59 1.25 0.89 0. 37 0. 34 0.21 0.08 0.02 Stirrups did not yield 
88-35-RV10 0. 079 42. 4 61 1.25 0.89 0.26 0.24 0.22 0.15 0.10 0.03 Stirrups did not yield 
66-35-RV5 0. 049 26. 2 35 1.68 0.50 0.47 0.37 0.14 0.02 Stirrups did not yield 
66-35-RViO 0.050 25. 5 36 1.68 0.50 0. 34 0.28 0.22 0.11 0.05 Stirrups did not yield 
88-32-RV10 0. 142 41 5 64 0.5 0.89 0.32 0.29 0.20 0.14 0.05 Stirrups did not yield 

88-32-RV5 0. 134 42. 4 59 0.5 0.89 0.38 0.34 0.20 0.08 Stirrups did not yield 
66-32-RV5 0. 092 25. 1 37 0.68 0.50 0.37 0.31 0.19 0.09 .0.03 0.01 Stirrups did not yield 
66-32-RV10 0. 104 25 5 36 0.68 0.50 0. 30 0.28 0.21 0.13 0.08 Stirrups did not yield 
86-32-RV5 0. 087 42. 2 53 1.68 0.50 0.44 0.32 0.18 0.06 Stirrups did not yield 
86-32-RV 10 0.G#7 42. 2 58 1.68 0.50 0.28 0.25 0.19 0.16 0.11 0.01 Stirrups did not yield 

1 88-34-RV5 0. 162 84. 9 128 1.0 0.89 0.38 0.44 0.18 
88-34-RV10 0. 142 84 9 129 1.0 0.89 0.21 0.24 0.24 0.19 0.11 0.01 

66-35-RV5 0. 097 49 2 75 1.68 0.50 0.39 0.34 0.22 0.05 
66-35-RV10 0 095 50.3 80 1.68 0.50 0.24 0.24 0.21 0.18 0.13 
SCRIBER 

1 0. 066 34 5 45 0.8 0.78 0.35 0.33 0.20 0.10 0.02 Strength did not degrade 
3 0. 079 59 1 79 1.0 1.17 0.32 0.34 0.24 0.09 0.01 
5 0. 100 50 0 67 0.8 0.78 0.28 0.29 0.23 0.14 0.05 Stirrups did not yield 
7 0. 192 63 6 82 1.0 0.52 0.29 0. 31 0.26 0.13 0.01 
9 0. 131 147 7 190 0.86 1.36 0.28 0.20 0.27 0.12 0.03 
11 ' 0. 160 184 5 235 0.86 1.36 0. 30 0.32 0.27 0.11 

FONG 
F1A 0. 177 189 5 233 1.25 0.50 0. 43 0.34 0.19 0.03 
FIB 0. 130 131 6 166 1.25 0.50 0.43 0. 31 0.18 0.07 0.01 
F2A 0 083 97 3 120 1.25 0.50 0.39 0.28 0.24 0.09 Strength did not degrade 
F2B 0 076 78 .8 97 1.25 0.50 0. 37 0.29 0.22 0.10 0.02 
F3A 0 136 123 .4 143 1.56 0.32 0.43 0.30 0.18 0.08 0.01 
F5A 0 078 115 0 171 1.56 0.89 0.34 0.32 0.24 0.09 0.01 
FSB • 0 105 165 .5 237 1.56 0.89 0.42 0.34 0.19 0.05 

TANKAT 
T1A 0 113 123 154 1.25 1.0 0.46 0.33 0.13 0.08 
TIB 0 089 123 151 1.25 1.0 0.46 0.35 0.18 0.01 
T2A 0 100 121 142 1.25 1.0 0.52 0.37 0.11 Strength did not degrade 
T2B 0 lOO 131 139 1.25 0.5 0.53 0. 35 0.12 Strength did not degrade 
T3A 0 105 125 150 1.25 1.0 0.46 0.31 0.17 0.04 0.02 
T3B 0 .105 125 149 1.25 1.0 0.39 0.39 0.19 0.03 Strength did not degrade 
T4A 0.126 152 176 1.25 1.0 0.44 0.32 0.20 0.04 
T4B 0.148 180 210 1.25 1.0 0.45 0.38 0.16 0.01 T. beam 

UNIT 2 0 .078 106 139 0.90 0.98 0.26 0.24 0.27 0.18 0.05 

POPOV 

43 0 .157 451 727 0.67 1.91 0.57 0.33 0.10 
35 0.221 504 591 1.00 3.41 0.70 0.27 0.03 Strength did not degrade 

Table 2 - Details of Test Beams 



^ ^ l ^ ^ ^ ^ ^ 100-

// JJJ - 5 0 - h 

* — ' — — _ _ J 1 1 , 1 .1 

-* 

% - lOO-
UJ 

DEFLECTION (mm) jJj -150-

1 1 L - 1 L _ _ L L 1 "' A » ' • ' ^ S 1 1 * I I I, I I I L I j I 

- 8 0 - 7 0 - 6 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 30 4 0 5 0 6 0 70 8 0 

(c) B E A M - T A N K A T , T 2 A 

Fig, 6 - Load Deflection Curves for Three Test Beams 



34 
> 1 

152 

O f 

1 

) 

J 

1520 OR 7 6 0 7 6 0 1520 OR 7 6 0 
S E C T I O N 1 - 1 

(a) B E A M S TESTED BY B R O W N (9 ) 

r > 2 
2 0 4 TO 2 5 4 

t > 2 

4 

3 0 0 7 9 0 TO 1520 
TO 4 5 0 

2 - 1 0 m m F.W. TO EACH 
B E A M BAR 

2 5 4 
. OR 
i 3 0 5 

OR 
3 5 6 

S E C T I O N 2 - 2 

(b) B E A M S TESTED BY SCR1BNER A N D W I G H T ( 7 ) 

^ 200^ ^ 

9 2 3 TO 2142 

4 5 0 

77777777777? 

2 0 0 

i y i 

t>3 SECTION 3 - 3 
( F O N G ) 

SECTION 3 - 3 
( T A N K A T ) 

( c ) B E A M S T E S T E D BY F E N W I C K , F O N G , T A N K A T & T H O M (11,13) 

, 4 6 0 1 9 8 0 3 8 0 

3 4 0 P > 4 

o 

t > 4 SECTION 4 - 4 

( d ) B E A M S TESTED BY P O P O V A N D B E R T E R O ( 1 5 ) 

Fig. 7 Details of Beam Tests 



35 

the yield and pull-out of the reinforcement 
in this zone was determined. After one or 
two cycles this proportion settled down to 
fairly constant value. In beams reinforced 
with 19mm bars (No. 6) this proportion 
averaged 0.45, except for beam 66-32-RV5 
where the value was close to 0.60. With 
the 2 5mm bars (No. 8) the corresponding 
value averaged 0.51, and for beams with 
a mixture of 25 and 19mm bars it was 0.52. 
To assess the energy which is dissipated 
by the beam alone it was assumed that' the 
ratio of energies dissipated in the beam 
and in the springing was equal to the 
ratio of the deflections arising from the 
deformations in these two zones. The 
proportion of the total energy dissipated 
in the beam is tabulated as value "p" 
in table 2. 

In the tests carried out by Scribner 
and Wight (7) the beam was sprung from a 
column as shown in Fig. 8b. Photographs 
of the specimens taken at the end of the 
test showed that in all cases the joint 
zone remained intact, and the degradation 
occurred in the beam. However, the beam 
flexural reinforcement would have yielded 
back through the joint zone to part way 
round the bend in the bars. The anchorage 
conditions were more favourable in these 
tests than in the units tested by Brown. 
The proportion of energy dissipated by 
the beam was likely to be in the range 
of 0.5 to 0.75 of the total value. For 
the purpose of analysis a figure of 0.65 
was assumed for these tests. 

In the beams tested by Fong (11, 12) 
and Tankat (13) two 10mm bars were fillet 
welded to each beam flexural reinforcement 
bar starting at a point 50mm from the 
critical beam section, see Fig. 7c. 
This detail was intended to limit the 
yield extension of the reinforcement in 
the anchorage zone. However, as this 
50mm length would have yielded, approx­
imately 15 percent of the energy would 
have been dissipated in this zone. In 
the analysis it has been assumed that a 
proportion of 0.85 of the total energy 
was dissipated in the beam. 

The test specimen referred to as 
unit 2 in tables 1 and 2 was an internal 
beam column sub-assembly (14). Two 
additional 10mm bars were welded to each 
bar of flexural reinforcement in the 
beams close to the column and extended 
through the joint zone. With the detail 
that was used the column and joint zone 
remained elastic during the test, and 
yielding was confined to the hinge zones 
in the two beams. In the analysis the 
average value for the two beams has been 
used as a single result. 

In the beam tests reported by Popov 
(15) the flexural reinforcement was 
anchored in the column by welding it to 
steel plates located approximately 34 0mm 
from the column face, see Fig. 7d. 
In these tests the beam depth was 650mm, 
and it was considered that the proportion 
of energy dissipated by the beam would 
be in the range of 50 to 70 percent. 
In the analysis a proportion of 0.61 
was assumed. 

A planimeter was used to calculate 

the energy dissipated by each test unit 
from the load deflection diagrams. The 
results of these measurements are tabulated 
as the E u values in table 1. 

In the test series carried out by 
Brown ( 9 ) , identical pairs of beams w e r e 
made so that the influence of different 
loading histories on their behaviour 
could be studied. In the beams w i t h 
the label RV5 the amplitude of displacement 
was initially close to half that applied 
to the companion beam which had a label 
of RV10. To obtain a failure in several 
of the RV5 beams the displacement amp­
litude was increased after 12 load cycles. 
These tests show that less energy was 
dissipated at failure in the beams which 
were subjected to the greater displacement 
amplitudes. From this observation it 
was concluded that the energy dissipated 
by a beam when the displacement is large 
has a greater effect on strength degrad­
ation than the same amount of energy 
dissipated when the displacement is small. 
A weighting factor k was introduced 
to allow for this effect. Instead of 
summing the dissipated energy the sum of 
k times the incremental energy w a s 
required. The value of k w a s defined 
so that it was less then unity for small 
deflections, or hinge rotations, and 
greater than unity for large deflections. 

To obtain some results against 
which different functions for k could 
be checked the load deflection curves 
for the tests were re-examined. Each 
curve was divided into b a n d s , w i t h the 
width of each corresponding to a deflection 
due to deformation in the beam of 0.01 L' 
where L 1 was the distance from the 
critical section for the b e a m to the 
point w h e r e the deflection w a s measured. 
To allow for the deflection arising from 
deformation in the springing the band 
width for the test unit was taken as 
.OIL 1/P« The proportion of the total 
energy dissipated in each band was found, 
and the results are given in table 2. 

Several different trial functions 
for k, which took the form: 

k = C + (n Q ) 2 (9) 

were checked against the experimental 
data by running out a series of linear 
regression analyses. In this equation 
C was less than unity, Q w a s a constant 
and n w a s the band number (1, 3, 5 etc) 
as shown in Fig. 9. For the purpose of 
interpreting the test results a single 
value of K can be found to represent 
the k function. This value is given 
by: 

K = le± k ± (n = 1, 3, 5, 7, 9, and 11) 

where e. is the proportion of energy 
dissipated in the band with a n u m b e r 
equal to i, and k. is the corresponding 
value obtained frim equation 9. 

Of the thirty eight beams that were 
included in this study six did not show 
clear evidence of having reached the point 
where the strength had degraded to the 
V value. These results w e r e neglected 
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when the failure criteria was derived. 
From the remaining 32 beams a series of 
initial linear regression analyses indicated 
that equations of the form: 

0 = 

and 

0 = 

-A dye 
f 'c 

4- B (10) 

yc 
f h f 
y s I 

275 8A 
{ vij 

H.K. (11) 

could be used to represent the general 
trend of the experimental values. In 
equation 11, E. was the energy dissipated 
in the beam (equal to p E^) at the stage 
where strength degradation o c c u r r e d r

M
v c a v 

is the average value of the moment 
strengths for positive and negative 
flexure, K is the factor which allows 
for the loading sequence and H is a 
value which allows for whether the 
stirrups in the beam yield or not. 

The value of 0 in equation 11 is 
arranged so that the terms which modify 
the (E^/M^) value are close to unity 
in a typical beam reinforced with 2 75 
grade flexural reinforcement and which 
is subjected to plastic hinge rotations 
of + 2°. 

By carrying out a large number of 
linear regression analyses on a programmable 
calculator the appropriate coefficients 
were found for equations 9, 10, and 11. 
The resultant equations are: 

0 = - 4.24 dye + 0.93 (12) 

as the hinge rotation. It would have 
been preferable to have related k 
directly to measured hinge rotations, 
but this was not possible as the necessary 
measurements were only made on a few 
tests. For the purpose of making this 
conversion it is assumed that an average 
of 25% of the deflection in the tests was 
due to shear. With this assumption 
equation 15 can be re-written as: 

k = 0.6 + (90 3 ) 2 (16) 

where 3 is the hinge rotation in radians. 

The fit of 
imental results 
The correlation 
experimental res 
confidence that 
equation, and in 
are required to 
which allows for 
of displacements 

equation 12 to the exper-
is shown in Fig. 10. 
coefficient is 0.8. More 
ults would improve the 
could be placed in the 
particular further tests 

evaluate the k factor 
the sequence and amplitude 
applied in the tests. 

In recognition of the scatter of the 
experimental results, and of the uncer­
tainty as to how well the test conditions 
represent the actual actions in hinge 
zones under seismic conditions, it is 
necessary to adopt a design criterion 
which lies on the conservative side of 
the empirically derived equation. The 
following tentative design criterion is 
suggested, and it is compared with the 
experimental results in Fig. 10. 

0 = -4 f, /f ' dye c 

e = < ^ V k ) 
+ 0.75 (17) 

M ycav 

f ^ f s 
y 4 d h l275^ 

1.25 

8A 
1/3 

(18) 

M ycav 

: f -k f 1 1.25 A 
•y s 
275 .8V 

1/3 where 
H K. 

and 

K = E (0.6 + (0.34n)*)e 

(13) 

(14) 

where n is the band member defined in 
Fig. 9 and e n was the proportion of the 
total energy dissipated in the band. 
The value of H in equation 13 was 
taken as unity for the case where the 
stirrups in the hinge zone yielded 
(the normal situation) and as 0.6 7 
for non yielding stirrups. 

If criteria based on these equations 
are to be used in a dynamic analysis 
situation the single value of K needs 
to be replaced by a continuous function 
as previously outlined. Equation 14 
is equivalent to: 

0.6 + (68 6/L') (15) 

where 6 is the beam deflection measured 
at a distance of L 1 from the critical 
section of the cantilever beam. However, 
for use with frame structures the ratio 
of 6/L' should be related to a value 
which can be conveniently measured, such 

0.6 + (90 3) ' (19) 

As with all empirical equations it is 
limited to the range of variables covered 
by the test beams. These are listed 
below: 

(1) the cylinder strength of the 
concrete varied from 25 to 50 MPa, 

(2) the ratio of the diagonal compression 
stress f^y C divided by the cylinder 
strength varied from 0.05 to 0.20, 

(3) the ratio of the stirrup spacing 
divided by the diameter of the 
flexural reinforcing bars s/d^ 
lay in the range of 2 to 7, 

(4) the ratio of the area of reinforce­
ment, which was restrained against 
buckling by one stirrup leg, divided 
by the area of the stirrup leg A^/A^j 
varied from 4 to 15, 

(5) the flexural reinforcement yield 
stress levels lay between 2 75 and 
415 MPa, 

(6) the amplitude of rotation imposed 
on the beams in general did not 
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exceed + 2 . 5 ° , and 

(7) the ratio of the areas of flexural 
reinforcement used on each side of 
the beam lay within the limits of 0.56 
to 1.8. 

CONCLUSIONS: 

(1) Under inelastic cyclic conditions 
the flexural compression force is 
resisted predominately by the 
reinforcement on the compression side 
of the member. 

(2) The shear in the hinge zone is 
resisted by a truss-like action in 
which the concrete resists the 
diagonal compression forces and 
the stirrups act as ties. 

(3) From the compatibility and 
equilibrium requirements of the hinge 
zone it is shown that when a certain 
critical curvature is reached the 
stirrups yield. Additional 
permanent extension of the 
stirrups occurs whenever this limit 
is exceeded. The growth in length 
of the stirrup increases the shear 
deformation and the associated 
stiffness degradation of the beam. 

(4) After a number of repeated cyclic 
displacements are applied to the 
hinge zone its strength degrades 
as a result of disintegration of 
the concrete in the web and 
buckling of the flexural reinforce­
ment. 

(5) An analysis of test results published 
in the literature shows that the 
energy which can be dissipated by 
a hinge zone before strength 
degradation increases with: 

a) an increase in the flexural 
strength of the member, 

b) a decrease in the shear to 
moment ratio acting on the hinge, 

c) an increase in the yield point 
of the flexural reinforcement, 

d) an increase in the size of the 
stirrups, 

e) a decrease in the spacing of the 
stirrups, and 

f) a reduction of the amplitude 
of the rotations applied to the 
hinge zone. 
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