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A B S T R A C T  

This paper describes an experimental study on the 
plastic rotation capacity of reinforced high strength con- 
crete beams. Thirty-six beams with various compressive 
strengths of concrete, tensile reinforcement ratios, com- 
pressive reinforcement ratios, and patterns of loading (1 
point loading and 2-point loading) were tested to evalu- 
ate the plastic rotation capacity, extreme fiber concrete 
compressive strain and equivalent plastic hinge length, 
etc. The same quantities were also obtained from numer- 
ical analysis and compared with experimental data. 
According to the results, the yield curvatures obtained 
from experiments turned out to be quite close to those 
obtained from theoretical approach. However, the exper- 
imental results for ultimate curvatures were significantly 
larger than those of theoretical prediction based on the 
assumption ofecu = 0.003. Based on these observations, a 
new formula for ultimate strain is proposed for high 
strength concrete beams. Also the test results for plastic 
rotation capacity were found to be closer to those 
obtained using moment-curvature relationship consider- 
ing tension stiffening of concrete and shear effect than 
those obtained using equivalent plastic hinge length. This 
substantiates that for accurate evaluation of plastic rota- 
tion capacity the consideration of tension stiffening of 
concrete and shear effect is most important. 

R SUM  

Cette dtude exp~rimentale traite de la capacit~ de la rotation 
plastique des poutres en b~ton arm~ de grande puissance, 71 part# 
de 36 poutres avec diff&entes puissances de compression des 
b~tons, les ratios du renforcement de tension, les ratios du renforce- 
ment de compression et les modules du chargement (chargement de 
d'un point et chargement de deux points). Ces poutres ont ~td tes- 
t~es afin d'~valuer la capacitd de la rotation plastique, la tension de 
compression des bdtons de fibre intense, la longueur du pivot plas- 
tique ~quivalent, etc. Les m~mes quantit~s ont ~t~ obtenues aussi h 
part# de l'analyse num~rique et ont ~t~ compardes avec les donn~es 
exp~rimentales. Selon les r~sultats, la d~viation du rendement est 
bien proche de celle des r~sultats obtenus de l'approche th~orique. 
Ndanmoins, les r~sultats exp~mentaux sur la d~viation ultime 
ont ~t~ de far sign~cative plus larges que ceux de la prediction 
thdorique basde sur la formule 8cu = 0,003. Ces observations per- 
mettent ainsi de proposer une nouvelle formule sur la tension des 
poutres en bdton arm~ de grande puissance. Aussi, les r~sultats de 

, / ,  . I 

I experience sur la capactte de rotation plastique se trouvent ~tre 
plus proches de ceux qui ont ~t~ obtenus en utilisant le rapport 
moment-d~viation qui tient compte de la consistance de la tension 
du bdton et de l'effet de cisaillement que ceux qui ont ~t~ obtenus 
en utilisant la longueur clu pivot plastique r Cela prouve 
que pour ~valuer la capacit~ de la rotation plastique de fafon 
exacte, la prise en consid&ation de la consistance de la tension du 
br et de l'effet de cisaillement est primordiale. 

@ 

1. I N T R O D U C T I O N  

The use of high strength concrete has the advantage 
of reducing member size and story height. However the 
tendency of brittle behavior in high strength concrete 
beams has been left as a problem to be solved. In this 
sense the evaluation of the plastic rotation capacity of 
high strength reinforced concrete members is an impor- 
tant topic. However, the plastic rotation capacity is a 

complex issue, mainly because of interaction of the vari- 
ous parameters such as materials, member geometry, 
loading conditions, etc. Due to the large variation of 
these factors experimental results from previous research 
show significant scatter of the measured values of rotation 
capacity. The readers can refer to references [9, 15] for 
further information about the research related to the plas- 
tic rotation capacity of reinforced concrete beams. 

As can be found in the references, a lot of research 
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has been carried out in the field of flexural behavior of 
normal strength concrete structures. However, a further 
research is still needed for application on high strength 
concrete structures. In this research an available plastic 
hinge capacity of high strength concrete beams is investi- 
gated based on both experimental results and theoretical 
approach considering tension stiffening and shear effect. 

2. FLEXURAL DEFORMATION OF MEMBERS 

From equilibrium conditions of a beam subjected to 
bending moment the moment-curvature relationship 
can be obtained as follows [2, 7, 10]: 

M=breCfc%de+AsfsIeC-k']d+AJs(l-% ld (1) cp ~o t, cpd ; \ ~pd ) 
where gc is the strain of concrete, and k' is the ratio of 
depth to centroid of compression bars and effective 
depth. The curvatures at first yield of tension steel and at 
ultimate load of  reinforced concrete member  are 
expressed as [9]: 

fY/gs (2)  

% =ecu/C (3) 

where ecu is the ultimate compressive strain of concrete, 
and c is the depth of the neutral axis at ultimate. 

The rotation and deflection between any two points 
A and B of a member can be obtained by integrating the 
curvatures along the member length [9]. 

OA8 = I~q~dx (4a) 

A AB : IBxtpdx (4b) 

where dx is a length of an element of the member, and x 
is the distance of element dx from A. 

2.1 Deformations obtained from moment-cur- 
vature relationships 

The above equations are generalizations of  the 
moment-area theorems, and apply whether elastic or 
plastic curvatures are involved. The equations can be 
used to calculate the rotations and deflection of mem- 
bers when their moment-curvature relationships and the 
distribution of bending moment are known. However, 
such an approach ignores the effect of the increase in 
stiffness of members due to tension carried by the con- 
crete between the cracks, as well as the additional defor- 
mations caused by diagonal tension cracks due to shear. 

2.1.1 Tension stiffening effect of concrete 
The concrete subjected to tensile force is generally 

neglected in analysis when it is cracked. In reality, however, 
some of the tensile force in reinforcing steel is transferred 
to concrete, increasing tensile strength of steel. This effect, 
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Fig. 1 - S impl i f i ed  stress-strain relationship of  embedded rein- 
forcing steel. 
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Fig. 2 - Plastic rotation considering shear effect. 

which is called tension stiffening effect, is considered in 
ACI code by the effective moment of inertia determined 
between cracked and uncracked section. CEB uses the 
simplified stress-strain relationship shown in Fig. 1 for 

reinforcing steel to take into account the tension stiffening 
effect of concrete. In this study, the tension stiffening effect 
is taken into account using CEB approach [4]. 

2.1.2 Shear effect 
Fig. 2 shows the effect of shear force in the computa- 

tion of plastic deformation. It is denoted in Fig. 2 that 
the plastic rotation capacity is contributed from two 
parts; the rotation due to bending (region A in Fig. 2(c)) 
which can be computed from moment-curvature rela- 
tionship, and that due to shear effect which is accompa- 
nied by change in tensile force line (region B). The 
length of plastic area caused by tension due to shear can 
be obtained considering the angle of crack. In this study 
the test results are compared with the analytical model 
for length of plastic area (Naples model [15]). 

2.2 Deformations obtained from the length of 
equivalent plastic hinge 

The actual curvature distribution at ultimate stage 
can be idealized into elastic and inelastic regions (Fig. 3). 
The ehstic contribution to rotation and deflection may 
be calculated from Equation (4). The shaded area repre- 
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Fig. 3 - Plastic rotation o f  a beam at ultimate state. 

sents the inelastic curvature which causes plastic rotation 
occurring in addition to the elastic rotation at the ulti- 
mate stage. The region of inelastic curvature, where the 
bending moment exceeds the yield moment of the sec- 
tion, is spread over a certain length of beams. In this 
region the curvature fluctuates because of the increased 
rigidity of the member between the cracks. However, for 
convenience, the inelastic area at the ultimate stage can 
be replaced by an equivalent rectangle of height (%- q0y) 
and width Ip, having the same area as the actual inelastic 
curvature distribution [9]. Hence the plastic hinge rota- 
tion to one side of the critical section can be written as: 

% = (~u- q~y)lp (5) 
The rotation and deflection between two points A and B 
when the ultimate moment is reached at the critical sec- 
tion are as follows assuming an idealized inelastic curva- 
ture distribution: 

OAB =Oe +Op =(.pyl +((pu--q)y)lp (6) 

AAB =(~'~-'~2-~13]+((Pu--tPy)p[l--~) (7) 

The length of equivalent plastic hinge Ip can be obtained 
from experiment and the following equations were sug- 
gested by various researchers [9]: 

Ip =0.8K1K3(d)C (8a) 

(8b) 

Ip = 0 . 5 d  + 0 .05z  (8c) 

tp = 0.25d + 0.075z (Sd) 

where K 1 = 0.7 for mild steel or 0.9 for cold-worked steel, 
K 3 = 0.6 whenf '  c = 35.2 MPa or 0.9 whenf '  c = 11.7 MPa 

assumingf' c : 0.85 x cube strength of concrete, z : dis- 
tance of critical section to the point ofcontraflexure (cm), 
d = effective depth of member (cm), and c : the neutral 
axis depth at the ultimate moment (cm). In this research 
Equation (5) is used to compute the plastic hinge rotation, 
and the results are compared with those obtained from 
Equation (4a) considering the effect of tension stiffening 
and shear on the moment-curvature relationship. 

3. FLEXURAL TEST OF HIGH STRENGTH 
CONCRETE BEAMS 

3.1 Test specimens 

A total of 36 rectangular reinforced concrete beams 
made of ordinary portland cement (Type I) were pre- 
pared for the test. The maximum diameter of the coarse 
aggregate used in the specimens was 13 ram, and the 
specific gravity and fineness modulus were 2.65 and 
6.46, respectively. The specific density and fineness 
modulus of fine aggregates were 2.64 and 2.74, respec- 
tively. Light gray density microsilica with a specific grav- 
ity of 2.2 and a specific surface area of 20m2/g was used, 
and the melamine type high range water reducer was 
added to realize high strength and high flowability. The 
details of concrete mix design are given in Table 1. 

Table 1 - Mix proportions 

Mix W/C S/A Unit volume weight 
(MPa) (%) (%) (kg/m 3) 

W C S G 

60 30 38 167.0 530 629 1026 

70 29 38 169.3 530 629 1026 

80 27 39 169.3 570 629 1026 

Admixture 
(kg/m 3 ) 

S.F S.P 

26.5 21.2 

53.0 21.2 

57.0 22.8 

The compressive strength tests of concrete (100 x 200 
mm cylinders) were carried out in accordance with 
ASTM C39. The average concrete compressive strengths 
of beams with design strength of 60, 70, and 80 MPa were 
found to be 66.6, 70.8 and 82.1 MPa, respectively, and the 
average elastic moduli were 31.2, 34.6 and 36.4 GPa, 
respectively. The tensile tests of reinforcing bars were con- 
ducted following ASTM A47 guideline. The properties of 
deformed bars are given in Table 2. 

Table 2 - Properties of the deformed bars 

Bar Area Yield strength Tensile strength Elastic modulus 
size (cm 2) (MPa) (MPa) (GPa) 

DIO 0.71 406 608 175 

D13 1.27 413 579 200 

D16 1.99 443 640 172 

D19 2.87 419 615 174 

D22 3.87 385 588 172 
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Fig. 4 - Details o f  test  beams. 

All beams were doubly reinforced and provided with 
shear reinforcement. In the first phase of experiments 
the effects of concrete compressive strength (60 and 80 
MPa), ratio of tensile reinforcement (p = 0.30, 0.50, 
0.65, and 0.75 Oh), and loading type (one point and two 
points loading) were studied. In the second phase the 
compressive strength was fixed to 70 MPa, and the 
effects of tensile reinforcement (p = 0.30, 0.65, 0.95, 
1.32 Pb), compressive reinforcement (p' / p = 0.0, 0.15, 
0.3, 0.5, 0.75), and loading type (one point and two 
points) were investigated. The shear reinforcements 
were placed at the interval of d/2 to prevent the shear 
failure, and the shear span ratio (aid = 4.0, 5.8, 4.5, 6.0) 
was determined so that flexural failure occurs. 

The size, shape and reinforcement details of the test 
specimen, along with the location of the strain gages, are 
shown in Fig. 4. Table 3 lists the concrete compressive 
strengths, reinforcing bars used, reinforcement ratios, 
loading types, and length of shear span of each test speci- 
men. The notations for beam designation are as follows: 

7 - 7515 -1 

where 7: compressive strength of concrete (70 MPa), 75: 
tensile reinforcement ratio (p = 0.75 Pb), 15: double 
reinforcement ratio (p'= 0.15 p), and 1: loading type (1- 
point loading). 

3.2 Test procedure and results 

The test specimens were simply supported and were 
subjected to one and two-point loads, as shown in Fig. 5. 
The distance between the two-point loads was kept con- 
stant at 460 mm in the first phase of experiments (6 and 
8 series beams), and at 450 mm in the second phase 
(7 series beams). The beam midspan deflection was mea- 
sured by a LVDT, and the strain gages were attached to 
several locations to record the strain of concrete and 
reinforcing bars. The load was applied until the crushing 
in the compressed region of concrete occurred. 

Table 3 - Properties of test beams 

Tension steel lo_' 
Beams f'c 

P lo (MPa) Number of bar 
lob 

6-30-1 2-D13, 1-D10 0.33 0.44 

8-30-1 3-D13 0.34 0.37 

6-50-1 66.6 2-D16, 1-D13 0.54 0.33 

8-50-1 3-D16 0.54 0.24 

6-65-1 2-D19, 1-D10 0.66 0.22 

8-65-1 82.1 2-D19, 1-D16 0.70 0.18 

6-75-1 2-D19, 1-D16 0.79 0.18 

8-75-1 2-D22, 1-D13 0.81 0.16 

6-30-2 2-D13, 1-D10 0.33 0.44 

8-30-2 3-D13 0.34 0.37 

6-50-2 66.6 2-D16, 1-D13 0.54 0.33 

8-50-2 3-D16 0.54 0.24 

6-65-2 2-D19, 1-D10 0.66 0.22 

8-65-2 62.1 2-D19, 1-D16 0.70 0.18 

6-75-2 2-D19, 1-D16 0.80 0.18 

8-75-2 2-D22, 1-D13 0.81 0.16 

7-3200-2 2-D16 0.00 
0.29 

7-3230-2 1-D10 0.30 

7-6200-2 0.00 

7-6215-2 1-D22 O. 15 

7-6230-2 0.59 0.30 

7-6250-2 2-D19 0.50 

7-6275-2 0.75 

7-9200-2 0.00 

7-9215-2 3-D22 O. 15 

7-9230-2 70.8 0.87 0.30 

7-9250-2 2-D13 0.50 

7-9275-2 0.75 

7-132~ 0.00 

7-132t5-2 0.15 

7-1323~ 5-D22 1.19 0.30 

7-1325~ 0.50 

7-13275-2 0.75 

7-62~176 1-D22 0.00 

7-6215-1 2-D19 0.59 0.15 

7-623~ 0.30 

Stirrup: 6 and 8 series beams: DIO @60mm 
7 series beams: DIO @70ram 

The test results are shown in Fig. 6 and Table 4, 
which demonstrate that the flexural strength increases as 
the concrete compressive strength and tensile steel ratio 
increase, and that the displacement at the first yield 
decreases as the compression steel ratio increases. The 
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Fig. 5 - Test set up for beams (1 point loading). 

ductility tends to be larger for the beams subjected to 
one-point load than for those under two-point load. It 
also can be noticed from the figures that the sustained 
load after the failure decreases more slowly in the one- 
point load experiments. During the test it was observed 
that the vertical flexural cracks occurred near the loading 
points and in the constant-moment region, whereas the 
diagonal cracks were formed between the loading points 
and the supports of the beams before final failure of the 
beams due to crushing of concrete occurred. It was also 
observed that as the tensile and compression steel ratios 
increased less vertical cracks propagate and more diago- 
nal cracks formed (Fig. 7). 

4. DISCUSSION OF RESULTS 

4.1 Curvature and ultimate concrete compres- 
sive strain of extreme fiber 

the MacGregor stress block [5, 6]. 
The comparison of the yield curvatures obtained 

from experiments and theory shows that their difference 
is less than 10% in most of the cases (Table 4, Fig. 8a). 
The comparison of curvatures at the ultimate load, how- 
ever, provides quite different results (Fig. 8b). The test 
results are about 1.7 to 2 times greater than those 
obtained from Equation (3). The reason for this overesti- 
mation is that the depth of the neutral axis at the ulti- 
mate load obtained using MacGregor stress block is 
based on ecu to estimate the theoretical value of the cur- 
vature at the ultimate load. 

The average value and the standard deviation of the 
ultimate concrete compressive strain at the extreme fiber 
are 0.0040-0.0044 and 0.00048-0.00073, respectively, 
depending on the concrete compressive strength. The 
lower limit of the 90% confidence range is 0.0033. It 
can be seen in Figs. 9 and 10 that 8c, generally decreases 
as the compressive strength of concrete and tensile rein- 
forcement ratio increase, and increases as the compres- 
sion steel increases. The dotted lines in those figures 
represent the lower boundary of the 90% confidence 
range. Based on the lower limit the following formula is 
proposed for the ultimate concrete compressive strain of 
the extreme fiber: 

ecu = 0.003+ 1.44 : - - ~ +  0.00054(P'/ 
(f,) t.p) (9) 

where f ' c  is the compressive strength of concrete 
(60 ~ 80 MPa). 

The curvatures at the first yield of the tension steel and 
at failure measured from the tests are presented in Table 4. 
Also given are the results obtained from the theoretical 
approach. According to the test results the normal strain 
at the locations of tension steel, compression steel, and the 
extreme fiber at compression side did not vary linearly. 
However, for convenience, the curvature was estimated 
linearly based on 
the strain of tension 

4.2 Equivalent length of plastic hinge 

It is generally agreed that the inelastic rotations are 
concentrated over a length called "plastic hinge length" 
where M .  <_ M < M u. Plastic hinge length is dependent }/ , . 
on the shape of the bending moment diagram at the ulti- 
mate stage, and is also affected by the distance between 

1 180 , : ] 
18o i I p : o . 3 3 p ~  - ~  i i i i : p = o 3 3 o .  

. . . . . . .  ! . . . . .  ; . . . . . . . .  r . . . . . . .  i . . . . . . .  " - I  . . . . . . .  . . . . . . .  - . . . . . . .  . . . . . . . .  ' " 

' " t  i o 1 -I ..... [] '=~ 140 . . . . . .  q . . . . . . . . . .  ~ ........ ~- 

' ~  ........ ~: ........ T ........ i ....... i ........ r [ ]  o = o . - o ,  I ....... 4. + o o = o . , , ,  

Z 100  Z 100  ....... " . . , "'i ..... , . . . . .  r . . . . .  i ...... ; . . . . . . .  

" 8 o  . . . . . . . . . . . .  i . . . . . . .  ~ . . . . . . . .  i . . . .  ~ :....{ ...... ! .... 7 . . . . . . .  

~ .... ~ - - ;  ....... i . . . . . . .  i ....... 

4O 

2o .... i ........ i ........ i ........ i ........ i . . . . .  i . . . . . .  i ....... i . . . . . . .  i ...... 2O 

0 0 
0 5 10 15 20  25 30  35  40  45  50  0 5 10  18 20  28  30  38  4 0  48  6 

Deflection ( m m  ) D e f l e c t i o n  ( m m  ) 

( a )  1-point loaded beams Co) 2-point loaded beams 

steel and concrete 
compressive strain 
of extreme fiber. 
The theoretical va- 
lue at the first yield 
of the tension steel 
was computed using 
Equation (2) assum- 
ing linear elasticity 
of the material. The 
curvatures at the 
ultimate load were 
computed by Equa- 
tion (3) using 8c, = 
0.003, and the depth 
of the neutral axis at 
the ultimate state 
was  obtained using Fig. 6 - Load-Deflection curves of  6 series beams. 
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Beams Py Ay 
(kN) (mm) 

6-30-1 45.49 5.9 

6-50-1 76.47 7.2 

6-65-1 88.73 8.1 

6-75-1 103.82 8.5 

6-30-2 67.45 6.8 

6-50-2 113.82 9.0 

6-65-2 130.10 9.2 

6-75-2 151.76 10.6 

Ave. 

S.D.* 

8-30-1 56.76 8.08 

8-50-1 93.04 8.92 
I 

8-65-1 97.16 8.18 

8-75-1 110.10 9.57 

8-30-2 76.76 8.47 

8-50-2 119.41 9.36 

8-65-2 i151.67 12.49 
8-75-2 147.06 10.37 

Ave. 

S.D. 

7-3200-2 88.63 8.90 
i 

7-3230-2 92.65 8.30 
I 

7-62~176 147.25 11.69 

7-6215-2 133,33 ! 12.27 

7-623o-2 147.35 11.01 

7-6250-2 154.41 9.10 

7-6275-2 153.82 9.70 
I 

7-9200-2 220.69 15.21 

7-9215-2 210.88 14.07 

7-9230-2 225.88 13.68 

7-9250-2 223.14 10.80 

7-9275-2 223.82 10.70 

7-13200-2 

7-13215-2 230.58 15.31 

7-13230-2 235.59 14.29 

7-13250-2 233.73 12.40 

7-13275-2 236.08 11.10 

7-62~176 119.12 10.42 

7-6215-1 115.69 10.24 

7-623~ 118.04 8.50 

Ave. 

S.D. 

* Standard deviation 

Table 4 - Summary of test results 
(Py 

(xlO "4 rad/cm) Pu 

Exp. Cal. ExP" (kN) 
CaL 

3.48 
4,60 

4.56 

A u 

(ram) 

3.75 0.93 52.55 15.3 

4.02 1.14 81.27 19.6 

3.56 1.28 93.43 16.7 

4.95 4.19 1.18 106.04 11.5 

3.33 3.67 0.91 81.86 30.3 

4.49 4.22 1.06 122.25 22.5 

4.44 3.82 1.16 136.47 17.7 

4.86 4.44 1.10 153.92 I 12.9 
I 

1.10 
! I 

0.12 

4.31 3.64 1.18 64 .61  19.65 

4.34 4.06 1.07 98 .24  14.32 

4.12 3.76 1.10 110.69 I 11.56 

5.00 4.77 1.05 122.55 15.69 

3.47 2.99 1.16 85 .59  24.51 

3.85 4.06 0.95 128.33 12.17 

4.79 4.50 1.06 156.86 16.36 

4.15 3.95 1.05 155.69 12.53 

!1.o8 
0.067 

I 2.70 2.79 0.97 98 .92  23.00 
I 

2.77 2 . 8 0 1 0 . 9 9  106.18 34.40 

3.64 3.32 1.10 161.67 24.60 

3.39 3.15 1.08 156.18 29.97 

3.13 3.21 i 0 .98  172.45 35.35 
i J 

2.99 2.77 1.08 164,41 20,10 

2.92 2.63 1.11 164.22 22,00 

3.34 3.23 1.03 =230.49 21.24 

3.59 2.88 1.25 215.69 20.11 

3.81 3.71 1.03 231.57 19.30 

3.59 3.66 0.98 224.31 13.30 

3.10 2.88 1.08 229.80 19.70 

4.44 4.36 1.02 1268.14 29.53 

4.59 4.18 1.10 259.90 18.18 

3,76 3.23 1.16 255.39 16.70 

3,96 3.70 1.07 257.84 17.60 

3,18 2.84 1.12 127,55 20.08 

3.22 3.15 1.02 127.35! 18.11 

3.17 ~ 2.76 1.15 133,24 20.63 

I 1.07 

0.070 I 

points of contraflexure, distance between support and 
the point of contraflexure, reinforcement ratio, and the 
compressive strength of concrete [9]. 

Fig. 11 presents the plastic hinge lengths obtained 

q)u 

(xlO "4 rad/cm) ecu ~ Cu 

Exp. CaL ExP" '~y ~y 
CaL 

16.27 12.20 1.33 0.0046 2.59 4.68 

15.94 i 7.96 2.00 0.0037 2.72 3.47 

13.47 7.39 1.82 0.0033 2.06 2.95 
I 

12.62 6.09 2.07 0.0044 1.35 2.55 
i 

15.29 11.76 1.30 0.0048 4.46 4.59 

14.11 8.29 1.70 0.0045 2.34 3.14 

13.20 7.54 1.75 0.0043 1.92 2.76 

9.51 6.15 i 1.55 0.0039 1.22 1.95 

1.69 0.0042 

0.27 0.00048 

18.8 11.28 1.67 0.0051 2.43 4.36 

17.3 8.11 12.13 0.0041 1.61 13.99 

12.5 6.21 i 2 .01  0.0039 1.41 3.03 

16.1 5,98 2.69 0.0050 1.64 3,22 

16.2 11.19 1,45 0,0041 2.89 4.67 

11,3 8.11 1.39 0,0028 1,30 2.94 

13.9 6.48 2.15 0.0035 1.31 2.90 

10.5 5.98 1,76 I 0,0034 1.21 2.53 

1.91 0.0040 

0.40 0.00073 
I 

13.73 11.72 1,17 10,0044 2,58 5.09 
i 

14,42 11.76 1.23 10.0036 4,14 5.21 

16.78 6.45 2.60 I 0.0046 2.10 4.60 

15.58 6.90 2.26 i 0,0046 2.44 4,59 

17.35 7.28 2.38 0,0053 3,21 5,54 
i i i i i 

14.07 8.45 1.67 0,0043 2.21 4,71 

13.19 8.15 1.62 0,0048 2.27 4.52 

3.92 I 4.12 0.95 0.0037 ~ 1.40 1.17 

10.48 I 4.62 2.27 0,0051! 1.43 2,92 

14,18 5.03 2,82 0.0044 1,41 3,72 

6.86 6.28 1,09 0.0033 1,23 1,91 

10.75 6.54 1,64 0.0045 1,84 3,47 

16.67 I 3.59 4.64 0.0053 I 1.93 3.75 

10.49 4.12 2.55 0.0042 1.27 2.29 

9.32 5.08 1.83 0.0043 1.35 2.48 

15.51 6.34 2.45 0.0041 1.60 3.92 

13.96 6 . 4 5  2 .16  0.0046 1.93 ! 4.39 

13.31 6.90 I 1.93 0.0039 1.77 I 4.13 
i 

13.81 7.25 1.90 0.0048 2.43 4.35 

2.06 0,0044 

0.81 0.00051 

from the test results of one-point loading and from the 
equations proposed by various researchers (Equation 
(8)). It can be noticed in Table 5 that the deflections at 
ultimate state (Au, cur) obtained from the moment area of 
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Fig. 7 - Crack patterns of 6 series beams. 
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Fig. 8 - Comparison of 
experimental and theo- 
retical results for the cur- 
vatures at first yield and 
at ultimate state. 
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Fig. 10 - Relationship between 8cu and reinforcement ratio. 

the curvature diagram are reasonably close to the mea- 
sured values using LVDT, being 86% of the measured 
value in average. The plastic hinge length was computed 
by equating the area enclosed between the curvature dia- 
grams at the first yield and those at the ultimate state 
with the equivalent rectangle of width lp and height (%- 
(pr) having the same area. 

In the experiments the strains were measured only at 
one half of the beams expecting symmetric behavior. But 
for two-point loading tests, the plastic hinge length was not 
obtained because of unsymmetric behavior of some test 
specimens after yielding. For one-point loading tests, no 
dominant relationship between concrete compressive 
strength or reinforcement ratio and the plastic hinge length 
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Table 5 - Comparison of experimental and theoretical 
results for deflection of specimens (Unit: cm) 

Au, cur. Au,pro. 
A *** Beams Au,LVDT* Au,cur.** Au, LVD T u, pro. Au, LVD T 

6-30-1 1.53 1.25 0.82 1.26 0.82 

6-50-1 1.96 1.36 0.69 1.05 0.54 

6-65-1 1.67 1.26 0,75 1.00 0.60 

6-75-1 1.15 1.04 0,90 0.94 0.82 

8-30-1 1.97 1.66 0.84 1,24 0.63 

8-50-1 1.43 1.28 0.90 1.00 0.70 

8-65-1 1,16 1.13 0.97 0.84 0,72 

8-75-1 1.57 1,26 0.80 0.91 0.58 

7-6200-1 2.01 1.86 0.93 1.25 0.62 

7-6218-1 1.81 1.74 0,96 1.32 0.73 

7-6230-1 2.06 1.79 0.87 1.37 0.67 

Ave. 0.86 0.68 

S.D 0.084 0.088 

* Displacement at ultimate state measured by L VDT  
** Displacement at ultimate state obtained from curvature diagram 
*** Displacement at ultimate state obtained from Equation (7) using proposed 
8cu and plastic hinge length 
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(a) Equivalent plastic hinge length 

1.8 

based on the lower limit of the 90% confidence range�9 
Therefore the proposed equivalent plastic hinge length is 
conservative enough to ensure safety. 

4.3 Rotation capacity of plastic hinge 

4.3. I Rotation of plastic hinge obtained from moment- 
curvature relationships 

Table 6 presents the experimental data and analysis 
results of the plastic hinge rotation. The analytical results 
were computed from the moment-curvature relation- 
ship (Equation (1)) and the equivalent length of plastic 
hinge (Equation (5)). In Table 6, the analytical results 
obtained by considering only the bending effect in 
Equation (1) are named as FL, in which the ascending 
and descending stress-strain curve of concrete proposed 
by Collins [12] and Attard et  al. [1], was used in addition 
to the assumption of the ultimate strain of ecu = 0.003 
(Fig. 12(a)). In the results FL+TSE+SE the tensile 
strength of concrete and the effect of shear were consid- 
ered as well as bending. The length of plastic area (Iv) was 
assumed to be k d  based on the Naples model [15[. The 
results are plotted in Fig. 12(b). The comparison shows 
that the rotation capacity of beams obtained from exper- 

1.4 �9 Mat tock  i i ~  . . . . . .  

_ , ,  �9 . . . . . .  i . . . . . . . .    iii171 
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Co) Plastic rotation capacity 

Fig. 11 - Comparison of experimental data with various models for equivalent plastic hinge length. 

iments is better pre- 
dicted by considering 
tension stiffening of 
concrete and shear 
effect. However, the 
experimental results of 
rotation capacity of  
beams subjected to 
one-poin t  load are 
2.43 times in average 
underestimated by the 
analysis. Therefore it 
can be concluded that 
for one-point loading 
case the length of plas- 
tic area was somewhat 
underestimated. 

From Fig. 7 the 

could be observed as shown in Fig. 11(a), which presents 
the experimental data for equivalent plastic hinge length 
and the predictions from the four formulae presented 
before (Equation (8)). The plastic rotation 0_ obtained 

�9 . . F . , 

from the formulae Utdlzmg the ecu proposed in this 
research (Equation (9)) is shown in Fig. 11(b). The formula 
of Corley was omitted because of its too much overestima- 
tion. From the comparison the Mattock's formula turned 
out to predict the experimental data most closely. 

The deflections using Equation (7) and the proposed 
equations for the ultimate concrete compressive strain of 
the extreme fiber and equivalent length of plastic hinge 
correspond to 68% in average of those measured from 
LVDT (Table 5). This difference is considered to have 
occurred because the proposed equation for ac, was 

average inclination of 
the cracks from vertical 

axis was estimated to be 37.7 ~ and at the midspan it was 
observed that the inclined shear-punching cracks started 
at about 1.55 k d  from the extreme compressive fiber. 
Based on these observations the length of the plastic area 
is proposed as I v = 1.2 k d  for more reasonable estimation of 
the rotation capacity of the phstic hinge. The plastic rota- 
tion capacity predicted by the proposed method, 0, re, is 

. . . . .  P . 

given in Table 6 and lS compared with experlmenJ data 
in Fig. 12(c). For one-point loading case the average and 
standard deviation of the experimental data turned out to 
be 1.73 and 0.313, respectively, and the limit of the 90% 
confidence was 1.21-2.24. Therefore the plastic rotation 
capacity predicted by the proposed approach provides a 
conservative result. 
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Table 6 - Comparison of experimental and theoretical results for plastic rotation capacity of test beams (Unit: 10 "2 rad) 

Theoretical results using moment-curvature relationships 
Beams Test results FL + T.S.E + S.E** Theoretical results 

FL* using Ip*** 
Naples Model Proposed 

Op, exp. Op, exp. Op, exp. Op,exp. 

Ou, exp. Op,exp. Ou,Rexure Op, Rexure Op, Flexure Ou, Naples Op,Naples Op,Naples Ou,pro. Op,pro. Op,pro. Ou, lp Op,lp Op, lp 
6-30-1 2.33 1.14 1.24 0.25 4.56 1.54 0.73 1.56 1.84 0.96 1.19 2.35 1.04 1.10 

6-50-1 2.50 1.13 1.27 0.11 10.27 1.57 0.39 2.90 1.80 0.56 2.02 1.92 0.51 2.20 

6-65-1 2.36 0.93 1.23 0.10 9.30 1.55 0.36 2.58 1.77 0.52 1.79 1.73 0.48 1.93 

6-75-1 2.06 0.45 1.34 0.06 7.50 1.60 0.23 1.96 1.80 0.36 1.25 1.74 0.27 1.68 

8-30-1 2.98 1.48 1.38 0.35 4.23 1.64 0.77 1.92 1.95 1.01 1.47 2.16 0.89 1.67 

8-50-1 2.41 0.90 1.36 0.13 6.92 1.63 0.42 2.14 1.86 0.56 1.61 1.90 0.48 1.89 

8-65-1 2.25 0.81 1.45 0.08 10.13 1.68 0.25 3.24 1.87 0.38 2.13 1.61 0.29 2.78 

8-75-1 2.42 0.67 1.42 0.07 9.57 1.66 0.23 2.91 1.84 0.34 1.97 1.84 0.19 3.53 

7-62~176 2.65 1.20 1.29 0.13 9.23 1.65 0.43 2.79 1.85 0.56 2.14 1.95 0.50 2.39 

7-621s-1 2.55 1.04 1.28 0.13 8.00 1.65 0.46 2.26 1.87 0.62 1.68 2.15 0.55 1.91 

7-623~ 2.60 1.14 1.26 0.14 8.14 1.64 0.47 2.43 1.89 0.66 1.73 2.07 0.66 1.76 

Ave. 7.99 2.43 1.73 2.08 

S.D 1.973 0.487 0.313 0.617 

* *  Tension stiffening and shear effect are considered in Equation (1) * Only bending is considered in Equation (1) 
** * Proposed ultimate strain and equivalent plastic hinge length are applied to Equation (5) 
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(d) Equivalent plastic hinge length 
is used 

4.3.2 Plastic rotation 
capacity based on plastic 
hinge length 

The plastic rotation 
capacity of the beams com- 
puted based on the ultimate 
concrete compressive strain 
of extreme fiber and the 
plastic hinge length pro- 
posed. . in .this research, 0_~ Iv, 
is given in Table 6, anc[ is 
compared with test resuks in 
Fig. 12 (d). For one-point 
loading the average value is 
2.08, which is larger than 
the rotation computed by 
using moment-curvature 
relationship (0p, p,o.). This 
difference seems to be due 
to the tension stiffening 
effect of concrete and shear 
deformation. Therefore an 
appropriate consideration of 
these effects is necessary for 
precise evaluation of the 
plastic rotation capacity of 
high strength concrete 
h e a n l s .  

Fig. 12 - Comparison of experi- 
mental data and analytical 
results for plastic rotation 
capacity. 
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5. CONCLUSIONS 

In this research, an experimental study for plastic rota- 
tion capacity of  reinforced high strength concrete with 
compressive strength ranging from 60-80 MPa has been 
conducted, and the results are summarized as follows: 

(1) According to the experimental results, the differ- 
ences of the yield curvatures obtained from experiments 
and from theory are about 10% in average. However, the 
theoretical estimation of the ultimate curvatures based 
on the assumption Of~cu = 0.003 underestimates the test 
results. For more reasonable estimation of ultimate cur- 
vature, a new equation for the ultimate concrete com- 
pressive strain of extreme fiber was proposed based on 
the lower limit of  the 90% confidence. 

(2) The plastic rotation capacity of  high strength con- 
crete beams obtained from the tests was better predicted 
by the moment-curvature relationship considering ten- 
sile strength of concrete and shear effect than by using 
the equation of  equivalent plastic hinge length. This 
observation demonstrates the importance of  the con- 
crete tensile strength and the shear deformation in plastic 
rotation of high strength concrete beams. 

(3) The plastic rotation capacity obtained from one- 
point loading tests was 1.73 times in average higher than 
that obtained from proposed analytical method based on 
the moment-curvature relationship considering tensile 
strength of concrete and shear effect. Therefore the pro- 
posed method provides conservative prediction of the 
plastic rotation capacity of  high strength concrete beams. 
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