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Abstract. This paper describes an experimental study on the plastic rotation capacity of reinforced high
strength concrete beams. Thirty-six beams with various compressive strengths of concrete, tensile
reinforcement ratios, compressive reinforcement ratios, and patterns of loading (1 point loading and 2
points loading) were tested to evaluate the plastic rotation capacity, extreme fiber concrete compressive
strain and equivalent plastic hinge length, etc. The same quantities were also obtained from numerical
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
experimental results for ultimate curvatures were significantly larger than those of theoretical prediction
based on the assumption of &, =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 considering tension stiffening
of concrete and shear effect than those obtained using equivalent plastic hinge length. This substantiates
that for accurate evaluation of plastic rotation capacity the consideration of tension stiffening of concrete
and shear effect is most important.
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1. Introduction

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 important topic. However, the plastic rotation capacity is a complex issue,
mainly because of interaction of the various 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 plastic rotation capacity of reinforced
concrete beams.

As can be found in the references, a lot of research 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 investigated 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]:
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where & 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]:
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where & 1s the ultimate compressive strain of concrete, and ¢ 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].
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where dlx 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-curvature 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
members 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 concrete between the cracks, as well as the additional deformations 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, 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 computation 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 relationship, and that due to shear effect
which is accompanied 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 elastic contribution to rotation and deflection may be calculated from Equation (4). The
shaded area represents the inelastic curvature which causes plastic rotation occurring in addition to the
elastic rotation at the ultimate stage. The region of inelastic curvature, where the bending moment
exceeds the yield moment of the section, 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

(¢, — @, ) and width /p, having the same area as the actual inelastic curvature distribution [9]. Hence the

plastic hinge rotation to one side of the critical section can be written as:
& = (¢, —9, )b ®)
The rotation and deflection between two points A and B when the ultimate moment is reached at the

critical section are as follows assuming an idealized inelastic curvature distribution:
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The length of equivalent plastic hinge /p can be obtained from experiment and the following equations

were suggested by various researchers [9]:
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where K= 0.7 for mild steel or 0.9 for cold-worked steel, Ks= 0.6 when f,'=35.2 MPa or 0.9
when f,'=11.7 MPa assuming f, = 0.85x cube strength of concrete, z = distance of critical section
to the point of contraflexure (cm), d = effective depth of member (cm), and ¢ = 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 1)
were prepared for the test. The maximum diameter of the coarse aggregate used in the specimens was
13 mm, 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, respectively. Light gray density
microsilica with a specific gravity of 2.2 and a specific surface area of 20m%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.

The compressive strength tests of concrete (100 x 200mm 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 modulus were 31.2, 34.6 and 36.4 GPa, respectively. The tensile tests of reinforcing bars were



conducted following ASTM A47 guideline. The properties of deformed bars are given in Table 2.

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 ( 0 =0.30, 0.50, 0.65, and 0.75 p, ), 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 p, ), compressive reinforcement ( o'/ 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 (d=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 specimen. The notations for
beam designation are as follows:

7-75"-1
where 7 : compressive strength of concrete (70 MPa), 75 : tensile reinforcement ratio ( p=0.75 p, ),

15 : double reinforcement ratio ( o' =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 constant 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 measured 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.

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 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 diagonal cracks formed (Fig. 7).

4. Discussion of results
4.1 Curvature and ultimate concrete compressive strain of extreme fiber

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 steel and concrete compressive strain of extreme fiber. The theoretical
value at the first yield of the tension steel was computed using Equation (2) assuming linear elasticity of
the material. The curvatures at the ultimate load were computed by Equation (3) using &~ =0.003, and
the depth of the neutral axis at the ultimate state was obtained using 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, however, 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 overestimation is that the depth of the

neutral axis at the ultimate load obtained using MacGregor stress block is based on &« to estimate the



theoretical value of the curvature 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 &. generally decreases as the compressive strength of concrete and tensile reinforcement
ratio increase, and increases as the compression 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:
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where £, is the compressive strength of concrete (60 ~ 80 MPa).

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. . Plastic hinge length is dependent on the shape of the bending moment
diagram at the ultimate stage, and is also affected by the distance between 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 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 (Awcu-) obtained from the moment area of the curvature diagram are
reasonably close to the measured 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 diagrams at

the first yield and those at the ultimate state with the equivalent rectangle of width jp and height

(¢, — @, 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
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 6, obtained from the formulae utilizing the & proposed in this research (Equation (9)) is
shown in Fig. 11(b). The formula of Corley was omitted because of its too much overestimation. 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 &. was based on the lower limit of the 90 % confidence range.

Therefore the proposed equivalent plastic hinge length is conservative enough to ensure safety.

4.3 Rotation capacity of plastic hinge
4.3.1 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 relationship (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 & =0.003 (Fig. 12(a)). In the results FL+TSE+SE
the tensile strength of concrete and the effect of shear were considered as well as bending. The length of

plastic area (/v ) was assumed to be kd 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 experiments is better
predicted by considering tension stiffening of concrete and shear effect. However, the experimental
results of rotation capacity of beams subjected to one-point 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 plastic area was somewhat underestimated.

From Fig. 7 the 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 1.554d from
the extreme compressive fiber. Based on these observations the length of the plastic area is proposed as
Iy =1.2kd for more reasonable estimation of the rotation capacity of the plastic hinge. The plastic
rotation capacity predicted by the proposed method, €. -, is given in Table 6 and is compared with
experimental 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.

4.3.2 Plastic rotation capacity based on plastic hinge length

The plastic rotation capacity of the beams computed based on the ultimate concrete compressive
strain of extreme fiber and the plastic hinge length proposed in this research, 6.1, 1s given in Table 6,
and is compared with test results 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 (6 p~. ). 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 beams.

5. Conclusions

In this research, an experimental study for plastic rotation capacity of reinforced high strength
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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 differences 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 & =0.003 underestimates the test results. For more
reasonable estimation of ultimate curvature, a new equation for the ultimate concrete compressive strain
of extreme fiber was proposed based on the lower limit of the 90% confidence.

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

conservative prediction of the plastic rotation capacity of high strength concrete beams.
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Captions for tables

Table 1 — Mix proportions

Table 2 — Properties of the deformed bars

Table 3 — Properties of test beams

Table 4 — Summary of'test results

Table 5 — Comparison of experimental and theoretical results for deflection of specimens

Table 6 — Comparison of experimental and theoretical results for plastic rotation capacity of test beams

Table 1 —Mix proportions

) Unit volume weight Admixture

MPa) | () | (%)

A\ C S G SF | SP
60 30 38 167.0 | 530 629 | 1026 | 265 | 212

70 29 38 1693 | 530 629 | 1026 | 53.0 | 212

30 27 39 1693 | 570 629 | 1026 | 570 | 228

Table 2 — Properties of the deformed bars
Bar Area Yeild Tensile | Elastic
size (cm?) strengh | strength | modulus
(MPa) (MPa) (GPa)
D10 0.71 406 608 175
D13 1.27 413 579 200
Di6 1.99 443 640 172
D19 2.87 419 615 174
D22 3.87 385 588 172
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Table 3 — Properties of test beams

, Tension steel .

/. P_

Beams P

(MPa) Number of bar ’ p

6-30-1 2-D13, 1-D10 033 0.44
8-30-1 3-D13 0.34 037
6-50-1 66.6 2-D16, 1-D13 0.54 033
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 033 0.44
8-30-2 3-D13 0.34 037
6-50-2 66.6 2-D16, 1-D13 0.54 033
8-50-2 3-D16 0.54 0.24
6-65-2 2-D19, 1-D10 0.66 0.22
8-65-2 82.1 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
7-32%2 2-D16 029 0.00
73232 1-D10 ' 030
7-62%2 0.00
7-62%2 1-D22 0.15
7-62°2 0.59 030
7-62°-2 2-D19 0.50
7-62"2 0.75
7-92%_2 0.00
7-92%2 3-D22 0.15
7-92%2 08 0.87 030
7-92%2 ' 2-D13 0.50
7-92"2 0.75
7-132%2 0.00
7-132%2 0.15
7-132%2 5-D22 1.19 030
7-1322 0.50
7-13272 0.75
7-62%-1 0.00
7-62°-1 ;:g?g 0.59 0.15
7-62°°-1 030

Stirrup : 6 and 8 series beams : D10 (@60mm
7 series beams : D10 (@70mm
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Table 4 — Summary of'test results

Py Pu
Beams Py Ay (x 104 rad/em ) P, A, (x 104 rad/em ) £, i u Pu
@ () Cul Exp. @ (o) Cul Exp. Y 4
By Cal. by Cal.
6-30-1 4549 59 | 348 | 375 | 093 52551 153 | 1627 | 1220 | 133 | 0.0046 2.59 468
6-50-1 7647 72 | 460 | 402 | 1.14 8127 | 196 | 1594| 796 | 200 | 0.0037 272 347
6-65-1 88.73 81 | 456 | 356 | 128 9343 | 167 | 1347| 739 | 1.82 | 0.0033 2.06 2.95
6-75-1 | 103.82 85 | 495 | 419 | 118 | 10804 | 115 | 1262 | 609 | 207 | 0.0044 1.35 2.55
6-30-2 6745 68 | 333 | 367 | 091 81.86 | 303 | 1529 11.76 | 1.30 | 0.0048 446 459
6502 | 11382 90 | 449 | 422 | 106 | 12225 | 225 | 1411 | 829 | 170 | 0.0045 2.34 3.14
6652 | 130.10 92 | 444 | 382 | 116 | 13647 | 177 | 1320 754 | 175 | 0.0043 1.92 276
6752 | 15176 | 106 | 488 | 444 | 110 | 15392 | 129 951 | 615| 155 | 0.0039 122 1.95
Ave, 1.10 1.69 | 0.0042
SD’ 0.12 027 | 0.00048
8-30-1 5676 | 808 | 431 | 3.64 | 1.18 6461 | 1965 | 188 | 1128 | 1.67 | 0.0051 243 436
8-50-1 93.04 | 892 | 434 | 406 | 107 9824 | 1432 | 173 | 811 | 213 | 0.0041 1.61 3.99
8-65-1 9716 | 818 | 412 | 376 | 1.10 | 11069 | 11.56 | 125 | 621 | 201 | 0.0039 141 3.03
875-1 | 11010 | 957 | 500 | 477 | 105 | 12255 | 1569 | 161 | 598 | 269 | 0.0050 1.64 322
8302 7076 | 847 | 347 | 299 | 116 8559 | 2451 | 162 | 11.19 | 145 | 0.0041 2.89 467
8502 | 11941 | 936 | 385 | 406 | 095 | 12833 | 1217 | 113 | 811 | 139 | 0.0028 1.30 2.94
8652 | 15167 | 1249 | 479 | 450 | 106 | 15686 | 1636 | 139 | 648 | 2.15 | 0.0035 1.31 2.90
8752 | 14706 | 1037 | 415 | 395 | 105 | 15569 | 1253 | 105 | 598 | 1.76 | 0.0034 121 2.53
Ave, 1.08 1.91 | 0.0040
SD 0.067 040 | 0.00073
7-32%2 | 8863 | 890 | 270 | 279 | 097 98.92 | 23.00 | 13.73 | 11.72 | 1.17 | 0.0044 2.58 5.09
7-32%2 | 9265 | 830 | 277 | 280 | 099 | 10618 | 3440 | 1442 | 1176 | 123 | 00038 4.14 521
762%2 | 14725 | 1169 | 364 | 332 | 1.10 | 16167 | 2460 | 1678 | 645 | 260 | 0.0046 2.10 4.60
76252 | 13333 | 1227 | 339 | 315 | 108 | 15618 | 2997 | 1558 | 690 | 226 | 0.0046 244 459
762%2 | 14735 | 1101 | 313 | 321 | 098 | 17245 | 3535 | 1735 | 728 | 238 | 00053 321 554
762%2 | 15441 | 910 | 299 | 277 | 108 | 16441 | 2010 | 1407 | 845 | 167 | 00043 221 47
76272 | 15382 | 970 | 292 | 263 | 111 | 16422 | 2200 | 1319 | 815 | 162 | 00048 227 452
792%2 | 22069 | 1521 | 334 | 323 | 103 | 23049 | 2124 | 392 | 412 | 095 | 00037 140 1.17
79252 | 21088 | 1407 | 359 | 288 | 125 |21569 | 2011 | 1048 | 462 | 227 | 00051 143 292
792%2 | 22588 | 1368 | 381 | 371 103 | 231.57 | 1930 | 1418 | 503 | 2.82 | 0.0044 141 3n
792%2 | 22314 | 1080 | 359 | 366 | 098 |22431| 1330 | 686 | 628 | 109 | 00033 123 1.91
79272 | 22382 | 1070 | 310 | 288 | 108 | 22980 | 1970 | 1075 | 654 | 164 | 00045 1.84 347
7-132%2 - - - - - - - - - - - - -
71322 | 23058 | 1531 | 444 | 436 | 102 | 26814 | 2953 | 1667 | 359 | 464 | 00053 1.93 375
7-132%2 | 23559 | 1429 | 459 | 418 | 110 | 25990 | 1818 | 1049 | 412 | 255 | 00042 127 229
7-132%2 | 23373 | 1240 | 376 | 323 | 116 |25539 | 1670 | 932 | 508 | 183 | 00043 1.35 248
713272 | 23608 | 1110 | 396 | 370 | 107 | 25784 | 1760 | 1551 | 634 | 245 | 00041 1.60 392
762%1 | 11912 | 1042 | 318 | 284 | 1.12 | 12755 | 2008 | 1396 | 645 | 216 | 00046 1.93 439
76251 | 11569 | 1024 | 322 | 315 | 1.02 |12735| 1811 | 1331 | 690 | 193 | 0.0039 1.77 413
76201 | 11804 | 8350 | 317 | 276 | 1.15 | 13324 | 2063 | 1381 | 725 | 190 | 00048 243 435
Ave, 1.07 206 | 0.0044
SD 0.070 0.81 | 0.00051
* Standard deviation
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Table 5 — Comparison of experimental and theoretical results for deflection of
specimens (Unit : cm)
) . Aucur., Au,pro.
Beams Ay Lvor Ay cur. Awiinr Ay, pro. Auivpr
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
8-50-1 143 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
7-62%-1 2.01 1.86 0.93 1.25 0.62
7-62°-1 1.81 1.74 0.96 1.32 0.73
7-62"-1 2.06 1.79 0.87 137 0.67
Ave. 0.86 0.68
SD 0.084 0.088
" Displacement at ultimate state measured by LVDT
" Displacement at ultimate state obtained from curvature diagram
Displacement at ultimate state obtained from Eq. (7) using proposed ¢, and
plastic hinge length

Table 6 — Comparison of experimental and theoretical results for plastic rotation capacity of test beams

(Unit : 10 rad)
Theoretical results using moment-curvature relationships Theoretical results
Test results - FL+TSE+SE" using 1,
Beams Naples Model Proposed
v | G | G | G | 522 | e | oo | 5o | e | o | 02 | Gy | Gy | B
6-30-1 | 233 | 1.14 | 1.24 | 025 456 | 154 | 0.73 1.56 184109 | 1.19 | 235|104 | 1.10
6-50-1 | 250 | 1.13 | 1.27 | 0.11 1027 | 1.57 | 0.39 2.90 180 ]| 056 | 202 | 192|051 | 220
6-65-1 | 236 | 093 | 1.23 | 0.10 930 | 155 | 036 2.58 1771052 | 1.79 | 173 | 048 | 1.93
6-75-1 | 206 | 045 | 1.34 | 0.06 7.50 | 1.60 | 0.23 1.96 180 036 | 125 | 174 | 027 | 1.68
830-1 | 298 | 148 | 1.38 | 0.35 423 164 | 0.77 1.92 195 101 | 147 | 216 | 089 | 1.67
850-1 | 241|090 | 136 | 0.13 692 | 163 | 042 2.14 186 | 056 | 161 | 190 | 048 | 1.89
865-1 [ 225|081 | 145 | 0.08 10.13 168 | 0.25 324 187 038 | 213 | 161|029 | 278
8751 | 242 | 067 | 142 | 0.07 957 | 1.66 | 0.23 291 184034 | 197 | 184|019 | 3.53
762%-1 | 265 | 120 | 129 | 0.13 923 165 | 043 2.79 185 ] 056 | 214 | 195|050 | 239
762°-1 | 255 | 104 | 128 | 0.13 800 | 1.65 | 046 2.26 187 062 | 168 | 215|055 191
7621 | 260 | 1.14 | 126 | 0.14 814 | 164 | 047 243 189 ]| 066 | 1.73 | 207 | 0.66 | 1.76
Ave. 7.99 243 173 2.08
SD 1.973 0.487 0.313 0.617

* Only bending is considered in Eq. (1)

** Tension stiffening and shear effect are considered in Eq. (1)
*** Proposed ultimate strain and equivalent plastic hinge length are applied to Eq. (5)
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Captions for figures

Fig. 1 - Simplified stress-strain relationship of embedded reinforcing steel

Fig. 2 - Plastic rotation considering shear effect

Fig. 3 - Plastic rotation of beam at ultimate state

Fig. 4 - Details of test beams

Fig. 5 - Test set up for beams (1 point loading)

Fig. 6 - Load-Deflection curves of 6 series beams

Fig. 7 - Crack patterns of 6 series beams

Fig. 8 - Comparison of experimental and theoretical results for the curvatures at first yield and at
ultimate state

Fig. 9 - Relationship between &, and compressive strength

Fig. 10 - Relationship between &q, and reinforcement ratio

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

Fig. 12 - Comparison of experimental data and analytical results for plastic rotation capacity
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Fig. 1 — Simplified stress—strain relationship of embedded reinforcing steel.
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Fig. 2 - Plastic rotation considering shear effect.
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(a) Beam

(b) Bending moment
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Fig. 3 - Plastic rotation of a beam at ultimate state.
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(b) 7 series beams
Fig. 4 - Details of test beams (Unit : mm).
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(a) 1-point loaded beams

Fig. 6 - Load-Deflection curves of 6 series beams.
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Fig. 5 - Test set up for beams (1 point loading).
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(b) 2-point loaded beams
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(c) 6-65-1

Fig. 7 - Crack patterns of 6 series beams.
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Fig. 8 - Comparison of experimental and theoretical results for
the curvatures at first yield and at ultimate state.
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Fig. 9 - Relationship between
&e and compressive strength.
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Fig. 10 - Relationship between
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Fig. 11 - Comparison of experimental data with various models for equivalent plastic hinge length.
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Fig. 12 - Comparison of experimental data and analytical results for plastic rotation capacity.
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