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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL REMARKS 

Most of the present se1smic des1gn codes for concrete structures, including 

the JSCE Standard Specification for Design and Construction of Concrete 

Structures [1 ), allow plastic deformation dependmg on the degree of expected 

earthquake damages based on Newmark s constant energy .aw (2]. This concept of 

se1smic design makes concrete structures safe and econom1cal by assummg the 

required serviceability after earthquakes and allowing some degree of damages 

according to their serviceability. On the other hand, this means that concrete 

structures should maintain the strength above the y1eld strength up to at least the 

allowable plastic deformation adopted in the design that allows certain degree of 

damage during earthquakes. Therefore, it becomes necessary to provide a 

sufficient amount of ductility to concrete structures so that they should not collapse 

during the expected earthquakes. 

As one of the methods for improving the ductility of concrete structures and 

members, lateral confinement of concrete in compression zone of sect1on is very 

effective. In recent years, many research works had been done on the ductility 

improvement of reinforced concrete members by lateral confinement, and these 

results had been reflected on the provisions for structural details in various seismic 

codes. Concerning the laterally conf1ned concrete Itself, Kent et al. (3] proposed the 

stress - stra1n model for confined concrete, wh1ch had been mod1f1ed by Park et al. 

(4) into the well -known modified Kent and Park model. 

Although the effects of various factors on the fundamental properties of 

confined concrete has been discussed [5] , compressive ductility of confined 

concrete is largely dependent upon the s1ze and shape of spec1men and strength of 

materials used. Therefore, still many stress - strain models for confined concrete 

have been proposed in recent years [6-8). While all of these proposed models claim 

to represent general properties of confmed concrete, some problems still remain 

about their applicability to general types of specimen with various sizes and shapes 

and strength of materials. From this view point, it is necessary to develop a suitable 

stress - stram model for confined concrete to be used in estimating the ductility 
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Improvement of flexural members due to confined concrete, especially in the 

prediction of ultimate deformability during earthquakes. 

In evaluating the ductility of concrete structures and members, there are 

often discussions on how the ultimate state of a member should be defined. Ductility 

of a member is largely dependent on the definition of the ultimate state since 

ductility is usually expressed in terms of the ratio of the deformation at the ultimate 

state to that at the first yielding of the member, that is, ductility factor. Therefore, a 

rational and reasonable definition of the ultimate state of a member is necessary for 

ductility evaluation. Park [9] summarized alternative definitions for maximum 

ultimate displacement, which correspond to 1) limit strain of concrete under 

compression, 2) peak load, 3) some small reduction in load carrying capacity after 

peak load and 4) fracture or buckling of reinforcement. Among these definitions, 3) 

and 4) seem to be reasonable because most structures have some capacity for 

deformation after the peak load without significant reduction in load carrying 

capacity. In general cases, however, definition corresponding to small reduction in 

load carrying capacity, for example 20% of peak load, is used. This is mainly 

because that buckling of longitudinal compression reinforcement and fracture of 

transverse reinforcement cannot be easily predicted, especially under reversed 

cyclic loading as experienced during earthquakes. 

As for the buckling of longitudinal bars in reinforced concrete members, 

Suzuki et al.[1 0] and Papia et al. [11] proposed equations for predicting the strain at 

buckling initiation. However, each method for determining buckling initiation point 

was different, resulting in different strains at buckling initiation. In addition, the 

effects of influencing factors on the buckling of longitudinal bars in confined 

concrete have not been made clear. Since the researches dealing with this field are 

very few, further investigations are necessary in order to establish a rational method 

for determining buckling initiation and to evaluate the ductility of a member in which 

ultimate state is determmed by buckling of compression reinforcement. 

As mentioned previously, ductility of reinforced concrete members could be 

improved largely by lateral confinement. However, a reinforced concrete member 

With under-reinforced section has an adequate amount of ductility under pure 

bending even if it is not provided with lateral confinement. In case of flexural 

members, therefore, ductility improvement due to lateral confinement is more 

effect1ve 1n prestressed concrete than in reinforced concrete because higher 

compress1ve ductility IS requ1red in prestressed concrete section due to the 

existence of axial force. Researches on ductility improvement of prestressed 
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concrete beams by lateral confinement had been done by Park et al. (12], 

Muguruma et al. [13] Suzuki et al. [14] and so on. Nevertheless, further 

investigations on the effectiveness of lateral confinement under different conditions 

are still necessary, especially for cases of unbonded prestressed concrete and 

partially prestressed concrete subjected to reversed cyclic loads. 

At the present state, safety of concrete structures under earthquake loads 1s 

usually examined by means of deformation ductility under unidirectional 

monotonous loads. During large earthquakes, however, ductility of concrete 

members is significantly reduced due to load repetitions at large deformations 

compared with the predicted ductility under monotonous loads. In such cases, it had 

been often pointed out that reinforced concrete members wh1ch were designed to 

fail in flexure with sufficient shear capacity tended to show brittle shear failure. 

Therefore, it leaves much to be investigated on the ductility of a member under 

reversed cyclic loading. 

The evaluation of seismic damages of concrete structures is very important 

in order to repair or strengthen the deteriorated structures as soon as possible after 

severe earthquakes. Up to now, the evaluation of damages after earthquakes has 

been done usually based on the investigation of the appearance of deteriorated 

structures [15] or the maximum response deformation experienced during 

earthquakes. However, damages of concrete structures are caused not only by 

excessive deformation but also load reversals and repetitions as mentioned 

previously. Therefore, evaluation of seismic damage should be done considering 

the effects of both of excessive deformation and load repetitions. In this case, 

maximum response deformation would be an indicator for the former, while 

dissipated or absorbed energy during earthquakes would be for the latter. 

From these view points, some damage indicators have been proposed in 

recent years. Park et al. [16] proposed "Damage Index", which is expressed by a 

linear function of maximum deformation and hysteretic dissipated energy. Stephens 

et al. [17] also proposed "Damage Function" based on the low cycle fatigue theory. 

These indicators are supposed to be reasonable and to have potential effectiveness 

for the evaluation of seismic damage of reinforced concrete structures. However, 

considerable degree of uncertainty is still remained as for the effects of various 

factors on the energy dissipation properties of reinforced and prestressed concrete 

members and the difference in final failure mode as seen between reinforced 

concrete and prestressed concrete under reversed cyclic loading. 
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1.2 ORGANIZATION OF THIS THESIS 

This research is done in order to clanfy the effects of various factors on the 

ductility and energy diss1pat1on properties of reinforced, partially prestressed and 

prestressed concrete beam members in a quantitative sense. Fundamental 

investigations are also done for the establishment of seismic damage evaluat on 

based on hysteretic dissipated energy of these members. 

In Chapter 2 effects of vanous factors on the fundamental properties of 

laterally confined concrete are investigated. From the test results, a new stress­

stra1n model for conf1ned concrete is proposed and its appl1cabli1ty to theoretical 

moment curvature analysis is discussed. 

In Chapter 3, applicability of vanous methods for determining the buckling 

initiation po1nt of long1tud1nal bars in confined concrete 1s exammed. In addition, 

effects of various factors on the strain at buckling 1n1t1at1on of longitudinal bars are 

investigated. 

In Chapter 4 improvement of flexural 1nelast1c deformation properties under 

reversed cyclic load1ng due to confined concrete is exam ned mamly about part1ally 

prestressed concrete and unbonded prestressed concrete. 

In Chapter 5, energy dissipation properties of partially prestressed concrete 

beams under reversed cyclic loading are discussed and the effects of various 

factors on the accumulation process of dissipated energy are investigated. An 

example of damage index based on hysteretic dissipated energy is also proposed. 

In Chapter 6, energy dissipation properties of reinforced concrete beams are 

discussed by focussing mainly on the effects of longitudinal reinforcement ratio and 

shear reinforcement rat1o. An example of damage index is also proposed and its 

applicability is examined by using 1/3 scale bridge pier model specimens. 

Finally 1n Chapter 7, concluding remarks of the whole chapters of this thesis 

are summanzed 1n addition to some comments for future Investigations. 
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CHAPTER 2 

FUNDAMENTAL PROPERTIES OF 
LATERALLY CONFIN ED CONCRETE 

2.1 GENERAL REMARKS 

Concrete itself is a bnttle matenal w1th an ultimate compressive strain of at 

most 0.3°;0 • However, 1t is well known that the compressive ductility of concrete can 

be Improved significantly by confining laterally w1th spirals or hoops By confining 

concrete laterally, tnaxial compressive stress condition is formed under applied 

longitudinal stress, resulting in enhancement in compressive deformab1lity and 

strength. In addition, these transverse reinforcements prevent premature buckling of 

longitudinal remforcement and also play a role as web remforcements Furthermore, 

h1gh ·strength hoops or sp1rals with y1eld strength of more than 80kgf/mm2 have 

been used as lateral confinement for high-strength concrete for the development of 

h1gh-nse and high ductility bu1ldmgs. 

As for laterally confined concrete, many research works have been done in 

recent years, and the fundamental properties of that have been made clear to some 

extent. It has been also md1cated, however, that there are many factors hav1ng 

influences on the properties of confined concrete. The appropnate amount of lateral 

confinement which will give sufficient safety to concrete structures under 

earthquake load has not been unified yet as can be seen in the different 

recommended values of lateral confinement among several code provisions. In 

addition, it has became necessary to evaluate the deformabllity of concrete 

members well into the post-elastic range in case of examining the ultimate l1mit 

state under earthquake loads as the limit state design has been introduced in the 

design of concrete structures. In such cases, stress stram models of concrete 

considering confining effects should be necessary. 

From a v1ew pomt of assessing the ductility of concrete members under 

flexure and or compression, it is desirable to establish a rat1onal stress - stram 

model of confmed concrete. 

In th1s chapter, a new stress -strain model of laterally confined concrete is 

proposed based on the results of uniaxial compression tests on the column 

specimens hav1ng a Circular or square section. And then, its applicability to 
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theoretical moment - curvature ana 1ys1s of flexural members is discussed. 

2.2 REVIEW OF PREVIOUS RESEARCH WORKS 

2.2.1 General Properties of Confined Concrete 

As main factors havmg Influences on the compressive properties of confined 

concrete, the follow1ng vanables can be listed generally (1 ). 

1. ratio of transverse steel for lateral confinement. 

2. yield strength of transverse steel. 

3. spacing of transverse steel. 

4. diameter of transverse steel. 

5. shape of transverse steel (sp1ral or hoop, Circular or square). 

6. strength of concrete. 

7. ex1stence of stra1n gradient in cross section. 

8. loading rate. 

Other factors other than the above ment1oned ones may have some 

influences on the physical properties of confined concrete. 

It is reported that the enhancement 1n strength and ductility of confined 

concrete becomes larger by usmg circular spirals than by square hoops, and also 

that the effectiveness of lateral confmement can be ach1eved more eas1.y in lower 

strength concrete than higher strength one [1). 

As an example of indices representing the degree of confinement, the 

average confining stress (or) were proposed as follows [2]. 

ur= ---- = Psos 
sO 

Psfsyh (at the yielding of transverse steel) (2-1) 

Where, A5 : area of transverse steel, o
5

: stress in transverse steel, s: spacmg of 

transverse steel, D: minimum length of cross section, p
5

: ratio of transverse steel 

(""2Asfs0) and fsyh: yield strength of transverse steel. 

From the uniaxial compressive loadmg tests conducted on c1rcular column 
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specimens with circular sp1rals and hoops, it was reported that the stress in 

transverse steel reaches 1ts y1eld strength at s 0 0 7 1f the yield strength 1s 

approximately 3000kgtcm2 . Considenng th1s result, the mdex, Psfsyh should be 

available. On the other hand, 1n case of high-strength transverse steel with y1eld 

strength of more than 1 0000kgf/cm2, transverse steel dose not yield even at the 

ultimate state of the specimen under some arranging conditions [3, 4 and 5]. 

Therefore, the stress in transverse steel (u
5

) cannot always be replaced by 1ts yield 

strength (fsyh). 

As for the use of high ·Strength steels as transverse reinforcement, some 

disadvantages had been 1nd1cated prev1ously. For instance, 1) utility of their 

strength 1s not as good as ord1nary strength ones, 2) failure mode of concrete at a 

large deformation becomes more bnttle due to the1r elastiC confinement and 3) 

spalling of core concrete, which IS already in the plastic deformation range, is 

accelerated at unloading by elastic confinement [2]. In recent years, however, the 

use of high-strength steel as transverse reinforcement has become under 

cons1derat1on due to the spread of high-strength concrete. 

Tests results on confined concrete with h1gh-strength transverse steel 

(fsyh=14000kgf/cm2) [3 and 5} showed that the Improvement in compressive duct1l1ty 

of concrete could be more effectively achieved by us1ng high-strength transverse 

steel than by ordinary-strength one and that the use of high strength transverse 

steel was desirable in case of high-strength concrete because a larger confining 

force became necessary in order to restrain the transverse deformation compared 

w1th ordmary-strength concrete. Other advantages of h gh strength transverse 

steels were also reported, for examples, the prevention of buckling of longitudinal 

reinforcement and fatigue rupture of transverse steel [6 and 7) 

However, compressive failure mode of high-strength concrete 1s more brittle 

than ordinary-strength one. Therefore, a more detailing arrangement of transverse 

steels is necessary in case of high-strength concrete even when confined by high­

strength transverse steels. 

2.2.2 Stress - Strain Models for Conf1ned Concrete 

Various stress - strain model for laterally confined concrete have been 

proposed [8-14] . 

Fujii et al. [8] proposed the stress - strain model for confined concrete as 
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shown in F1g.2-1. wh1ch was derved from the expenmental data together with the 

prev1ous ones by other researchers and by modifymg the conf;mng coeff1c1ents 

proposed by Iyengar [9] and Muguruma et al. [1 0] . Each conf1nmg coefficient was 

g1ven by Eq.(2- 2). 

(2 2) 

Where, Cct. Cc 'l' and CCiu : confming coeffic ents for the max mum stress, strain at 

the max1mum stress and stram at the ult·mate state, respect.vely, p
5

: volumetnc 

ratio of transverse hoop, s: spacmg of hoops, o· minimum ength of cross sect1on, 

f~yh : y1eld strength of hoop, f'c. compress1ve strength of pla1n concrete, a, b, c and k: 

experimental coefficients. 
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( 
I- ) a E- Em r, 

E,, Em 

Em' =2. 20 X 10-a, E,/ = 3. 50 X 10-3 

E,=l89000Xv'fc'/200 (kgf/ cm2) 

Fig.2 1 Stress- strain model proposed by Fujii et al. [8] 

On the other hand, Park et al. [11] proposed the well-known modified Kent & 

Park mode1 as shown m F1g.2 2. As for the mod1f1ed Kent & Park model, however, it 

was reported that this model was not applicable to confined concrete with high­

strength hoops because they might not yield even at the maximum stress [12]. 

Other models considering the strain gradient in cross section [13], cyclic load 

repetition and stra1n rate (14] were also proposed in recent years. 
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Fig .2- 2 Modified Kent and Park model(11) 

2.3 EXPERIMENTAL PROCEDURES [15) 

2.3 1 Specimens 

Column spec mens having a circu ar (<!> 15cm) or square (15cm x 15cm) 

section and length of 30cm were used for un1ax1al compressive load ng tests These 

spec1mens are shown schematically 1n Fig.2-3. All these spectmens were not 

provtded with axial reinforcement and cover concrete in order to eliminate the1r 

effects. Welded ctrcular or square hoops with several kmds of yteld strengths and 

diameters were used as transverse steel for lateral conftnement. 

2.3.2 Test Vanables 

The main test variables adopted were as follows. 

(1) volumetnc ratio of hoops (pJ between 0.62%-4.02%. 
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Fig.2-3 Dimensions of column specimens 

Table 2- 1 Details of test variables 

compreu ve y e ld point vo ime t r 1 c diameter s/0 rat io 
strength of of hoop ratio of of hoop 

concre It hoop 
f •• f ••• (96> kgf/cm') (kgf/cm') (mm) 

300, 500 3280~8630 0. 62~4 . 02 3. 5. 6. 0 0. 086~0. 753 

I 

300. 500 3280~8630 0. 62~2. 50 13. 5. 6. 0 I 0, 180~0. 753 

(2) yield strength of hoops (fsyh): between 3280kgf/cm2- 8630kgf/cm2. 

(3) design compressive strength of concrete (f'ck): 300kgf/cm2 and 500kgf/cm2. 

(4) spacing of hoops (s/D): between 0.086-0.753, where s: spacing of hoops and D: 

minimum length of cross section. 

(5) shape of cross section: crrcular and square. 

The detarls of these varrables are mdrcated 1n Table 2 1 . 

2.3 3 Loading Method 

All specimens were subJected to uniaxral compressive load up to failure. 

- 12-

sphencal seat 
load1ng plate 

Fig.2- 4 Loading and measuring apparatuses 

Durrng the loadmg tests, the longrtudmal drsplacement of the specimen was 

measured by four displacement transducers arranged on four sides of the specimen 

together With the applied load. In addition, strains rn transverse steels were 

measured by electric resistance strain gages. These details are shown in Fig.2 4. 

2.4 RESULTS OF TESTS AND DISCUSSIONS [15] 

As indexes which characterrze the stress - strain relationship of confined 

concrete, fc/f'c and rc
0
/Ec

0
' were used in this study. The former shows the ratio of the 

maximum stress of confined concrete (fc) to that (f'c) of plain (unconfrned) concrete, 

and the latter shows the ratio of strain at the maximum stress (rc
0

) of confmed 

concrete to that (Ec
0

') of plain concrete. The characterrstics of stress - strain 

relationship in the falling branch region can be expressed by a limit strain, for 

example, the strain at which the stress reduces to 80% of the maximum stress (8 

and 1 0]. However, the gradient of stress degradation n the fallrng branch reg ron, A, 

was used here because a more degraded stress - stratn curve should be necessary 

for the moment - curvature analysis of concrete f'exural members well into the 

rne'astrc range. 
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2.4.1 Effects of Test Variables 

In Fig.2 5, Fig.2- 6 and F1g2-? are shown the effects of volumetric rat1o of 

transverse hoops on the values of fc' fc, Ec
0
/rc

0
' and O, respectively. As shown m 

F1g.2-6 and F1g.2-7, the values of fc/f c and Fc0 /Fco Increase almost linearly With 

increasing value of p
5

, although scattering of data is observed in some cases. On 

the other hand, the value of 0 ,s almost ,n mverse proportion to p
5 
- value as seen 1n 

Fig.2- 7. However, the effectiveness of transverse hoops for 1mprov1ng compressive 

ductility of concrete 1s more remarkable in circular column specimens than that in 

square ones 

Fig.2-8, F·g.2-9 and F1g.2-1 0 show the effects of y1eld strength of 

transverse hoops on the values of fc,f'c• Ec0 .'f co' and o, respectively. As seen in 

Fig.2 8 (a), the value of fJf'c increases With 1ncreas1ng value of f.,yh although its 

1ncreas1ng rat1o becomes smaller with mcreasmg value of fsyh 1n case of circular 

column spec.mens. In case of square column specimens. the effect of fsyh on the 

value of fc f·c ·s not remarkably observed as seen in F1g.2-8-(b) On the other hand, 

the value of r~0/rc0' increases with :ncreasing the value of fsy•. However, 1ts 

increasing rat1o 1s larger in circular column spec1mens than 1n square ones as seen 

in Flg.2-9. The value of H decreases with mcreasmg value of fsyh 1n both cases of 

circular and square column specimens. 

F1g.2-11. F1g.2-12 and Fig.2-13 show the effects of compressive strength of 

concrete on the values of fJ f 'c• Er:o· Eco and n, respectively. It can be observed from 

Fig.2 11 and F•g.2-12 that thevaluesoffd f c and rcv tco tend to decrease With 

increasing value of f c although their decreasing ratio IS smaller 1n case of square 

column specimens than those 1n Circular ones. On the other hand, the value of o 
increases With increase 1n fc. 

In Fig.2 14 and Fig.2 15 are shown the effects of s/D ratio on the values of 

fJ f'c and Fc
0
/Fco, respectively. From these figures, 1t can be observed that the values 

of fc' f c and F co/~' co decrease With increasing value of s/d when compared at almost 

the same p
5 
-value. 

Based on the above test results and the prev1ous researches [5, 81, the 

relationships as summanzed 1n Table 2 were obtained between these Indexes and 

test variables. 
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Fig.2-5 Effects of volumetric ratio of hoops on fJf c -value 
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Table 2-2 Relationships between each index and test variable 

volumetric y i e I d point comp . strength s/0 rat to 
rat io of hoop of hoop of concrete 

p . f • • h f •• 

f j f •• I i near to p . I i near to -Jf.;;. inverse to f • • I i near to s/0 
circular 

column t c./ t co 
. I i near to p . I i near to f • y .. inv erse to f .• z I i near to s/D 

specimen 
e inverse to p. inverse to f • 't h I in ear to f ' e 

1 no relation 

f ,/f .• I i near to p . no relation no relation I i near to s/0 
square 

to ,.,Jt;;; column t •• / t •• 
. I inear to p . I i near inverse to f • ' z I i near to s/0 

specimen 
e inverse to p . i nverse to f oy h I i near to f •• • no re lation 

2.4.2 Confining Coefficients 

As the indexes representing confining effects, the concept of "confining 

coefficients" [5, 8 and 1 0] were applied to the test results. That is, confining 

coefficients C 1, C and C11 for the maximum stress, the strain at the maximum c crm 

stress and the stress degradation gradient, respectively, which indicate the 

effectiveness of confinement quantitatively, were determined as follows based on 

Table 2-2. 

For circular column specimens, 

Cct=Ps[1-s/(k1 0)]/ f syh/f'c 

Ccrm=Ps[1 - s/ (k20)]fsyh/(f'c)2 

Co= (f'c) 2/ (p sf syh) 

For square column specimens, 

Cct=l->s(1-s/0) 

Ccfm=Ps(1-s/O)rt;;,/ (f'c)2 

Co= (f'c) 2 / (p s fsyh) 

(2-3) 

(2- 4) 

(2 - 5) 

(2-6) 

(2-7) 

(2-8) 

The parameters k1 and k2 in Eq.(2-3) and Eq.(2-4), respectively, indicate the 

maximum limit values of s/0 ratio over which the effectiveness of confinement 

cannot be obtained. As far as these tests are concerned, k1 and k2 were found to be 

0.51 and 0.95 respectively, although k1=0.80 and k2=1.70 in Ref. [8). 

Fig.2-16 and Fig.2-17 show the relationships between fJf'c, Ec
0
/£c

0
' , fl and 
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each confining coefficient for circular and square column specimens, respective ly. 

As indicated in these figures, each index can be expressed almost by a l1near 

function of each confining coefficient. The details of these equations are as follows. 

For circular column specimens, 

fJf'c=1.75Cc1+1.02 

Ec0 /Ec0 '=50 .OC crm + 1 .25 

A=406C0- 507 

For square column specimens, 

fjf'c=0.065Ccf+1.06 

Ec0 /Ec0 '= 709Ccrm + 1.22 

A=1234C
0
-2140 

2.4.3 A New Stress - Strain Model for Confined Concrete 

(2-9) 

(2-1 0) 

(2-11 ) 

(2-12) 

(2-13) 

(2-14) 

From the previous mentioned results, a new stress - strain model for 

confined concrete as shown in Fig.2- 18 is proposed. 

a 

f 0 -------- ~ 
f'o A ! 

I 

u'noonf in 
oonorete 

I 
I 
I 
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I 
I 
I 

confined 
oonorete 

: 9 c 0, 2fo -E---;----1-------------------------- --·"r-~ --
': : : 
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eoo eo2o 

Fig.2-18 Proposed stress - strain model 
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The details are as follows. 

(1}Reg1onO A(O E<.. Ec0 '): 

(f-E co)3 
o=fc+ ----- (f'c-fc) 

(f co'-Eco) 3 

o=f -A(€-€ ) c co 

(4} Region C- (Ec20<e): 

(2-15} 

(2-16} 

(2-17} 

(2-18} 

Where, fco 2 20x1 0 3 and E =189000xJ f r:: 200 (kgf cm2) in accordance With Ref. 

(8]. 

Fig.2-19 compares the proposed model, the model proposed by Fujii et al. 

[8] and modified Kent & Park model (11] with the measured stress strain curves. 

It is clearly shown that modified Kent & Park model estimates the maximum 

stress of square column specimens somewhat largely and tends to underestimate 

the strain at the max1mum stress of both c1rcular and square column specimens. In 

addition, modified Kent and Park model tends to underestimate the strength 

degradation after the maximum stress in both case of c1rcular and square column 

specimen. On the other hand, the model proposed by Fujri et al. can est1mate well 

the maximum stress and the strain at the max1mum stress, but 1t cannot express the 

stress - strain relationship well into the fallng branch reg1on Compared w1th these 

two models. the proposed model can express well the stress - stra1n relationship of 

conf1ned concrete 1nc1ud1ng the stress degradat1on branch 
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Fig.2 19 Measured and calculated stress - strain curves 

2.5 VERIFICATION OF THE PROPOSED STRESS- STRAIN MODEL (15, 16) 

2.5.1 Beam Specimens 

Venfrcat1on of the proposed stress- strain model for confined concrete was 

done by the analys1s of moment curvature (M - <!>) relat1onsh1p of reinforced, 

partially prestressed and prestressed concrete beams [12, 17]. The spec1mens used 

for the analysis had a rectangular cross section of width x full depth 1 0 x 20 em 

and total length of 160 em as shown 1n Fig.2-20. These spec1mens had several 

volumetric ratios of transverse hoops and steel index, and were tested under 

symmetrical two point loads (shear span length: 60cm, flexural span length: 20cm). 

<j>6mm hoops with the same quality as used in the column specimens were used for 

lateral confinement (50cm region over mid-span). 

2.5.2 Procedure of the Analysis of Moment - Curvature Relationship 

Theoret1ca moment - curvature analysiS on the above specimens was done 

by well-known teratrve method based on compat1b1hty of stra1ns and equiilbnum of 

forces. In the calculation of M-<1> re,at1onsh1p, stress- strarn models for reinforcrng 
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steel and prestressmg steel are necessary in addition to the stress - stram model 

for confined concrete. As the stress - strain model for reinforcing steel, tn-l1near 

type model as shown 1n Fig.2-21 were used, m wh1ch the stram at the onset of 

stram hardening (E
5

h) was determined as 5 times of that at the y1eldmg (E sy) 

according to the results of tensile tests. As the model for prestressing steel, on the 

other hand, the model proposed by Blakeley et al. [18] as shown in Fig.2 22 was 

used. 

When applying stress - strain model for confined concrete, which is obtained 

from umax1al tests, to M <j> analysis of flexural members, the effect of stra1n 

gradient in sect1on has been somet1mes discussed (13]. The stra1n at the maximum 

stress of plam concrete under uniaxial compression IS at most 0.002, wh1le that 

under flexural compression becomes approximately 0.0035. JSCE also uses th1s 

value as the limit stra1n of concrete when examining ultimate limit state of sectional 

failure of members subjected to flexural moment or flexure and axial forces (19]. 

Considering these facts, the modified proposed model as shown 1n F1g.2-23, in 

-26-

a 

f s u •••••••••••••••••••••••••••••••••••••••••--•••• I c 
f sy .A 8 ·I 0 -A: f

5
;:;;;E

5
E

5 

A- B: f
5

.;..;fsy 

I 
B- C: fs;:;;;fsy+(fs-Esh)*(fsu-fsy)/(Esu-Esh) 

F1g.2-21 Stress - stram model for reinforcing steel 

Region Al3: Ep < El>b 

D 

/, .f e:Ef<- fp~,E,. + 
EP<-Ept 

Fig.2-22 Stress- strain model for prestressing steel [18] 
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Fig.2-23 Modified proposed model considering strain gradient in section 
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which the length of strength hold ng reg1on after reaching the maximum stress (B-C 

·n Fig.2-23) 1s set as 0.0015, was also used n the analysis m add1t1on to the 

modified Kent & Park model for comparison. 

2.5.3 Results and Discussions 

In Fig.2-24 are shown the measured moment - curvature curves together 

w1th the calculated ones using the proposed model, modifed proposed mode 

cons1denng strain gradient and modified Kent & Park model. 

In case of the beams with the value of longitudinal steelmdex (q) less than 

0.218, the calculated curves by using each model are scarcely different from one 

another and coincided well with the measured one. This is ma1nly because the 

value of steel 1ndex IS relatively small and therefore the contnbut1on of concrete to 

the beam ductility may be relatively small In case of the beam w1th the q-value of 

0.288, the difference between the calculated curve obtained by the proposed mode 

and those by us1ng the other two models becomes :arger. In th1s case, the moment 

in the calculated curve by the proposed model commences to decrease at smaller 

curvature compared w1th that in the calculated curves us1ng the other two models, 

although the calcu lated curve by using the proposed model could represent best the 

measured one. In case of the beams with large steel Indexes of q=0.380 and 0.388, 

on the other hand, the difference between the calculated curve by us1ng the 

modified proposed model and that by us ng modified Kent and Park model becomes 

s1gmficant. In th1s case, modified Kent and Park mode seems to est1mate well the 

measured curve until larger curvature levels than the proposed model even 1f the 

effect of strain gradient was considered. These results, however, do not always 

indicate that modified Kent and Park model IS most suitable. As mentioned 

previously, modified Kent and Park model tends to underestimate the strength 

degradation after the max1mum stress of column specimen under un1axia 

compress1on, and 1t can be supposed that this tendency resulted in rather better 

agreement m the analysis. In add1t1on, the calculated curve even by using modified 

Kent and Park model tends to underestimate the curvature of the beam w1th 

q-0.380 at which the load carrying capac1ty beg1ns to decrease. Cons1denng that 

the measured curve is also dependent on the size of the specimen and some other 

restraining effects, for examples, restraining action of beam deformation at the 

supports and stram gradient 1n the longitudinal direction of the beam, it IS Impossible 
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to determ1ne the most su1table model only from these results. stress - stra1n model As for the applicability to over- reinforced sections with steel 

Form the results of theoretical moment - curvature analysis of flexura index of more than 0.3, on the other hand. further ~nvestigat 1ons are necessary 1n 

members, the proposed stress - stra n model for conf ned concrete 1s reasonable addition to the effects of strain gradient in sect1on. 

for the beams w•th q:;::Q.168-0.268, which is with in the range of the q values of 

ordmary flexural members. However. further investigations into the effects of other 

factors, especially the effect of stram grad1ent .n section, should be necessary. REFERENCES OF CHAPTER 2 

1) Park, R and Paulay, T., 'Remforced Concrete Structures," John W1ley & 

2.6 CONCLUSIONS OF CHAPTER 2 Sons 1975 
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CHAPTER 3 

BUCKLING OF LONGITUDINAL BARS 
IN CONFINED CONCRETE 

3.1 GENERAL REMARKS 

As indicated in Chapter 2, compressive ductility of concrete can be Improved 

significantly by lateral confinement us1ng transverse steels such as hoops or spirals. 

Many research works have been done on the improvement of inelastic deformation 

properties of reinforced concrete (RC) members by using confined concrete. 

However, some of them indicated that buckling of longitudinal bars must occur 1n 

RC members at the ultimate state even if they are provided With an adequate 

amount of lateral confinement. Although buckling of longitudinal bars IS supposed to 

be one of Important factors which determine the ultimate state of RC members, only 

a few research works had dealt w1th buckling of long1tud1nal bars 1n confined 

concrete. This 1s mainly due to the fact that the crtenon of the buckling ·n1tiat1on of 

longitudinal bars has not been strictly defined. Therefore, 1t is necessary to establish 

the effective method to determine the buckling initiation point of longitudinal bars in 

RC members in addition to investigating the nf1uences of vanous factors on the 

stra:n of longitudinal bar at buckling. 

In th1s chapter, invest1gat1on IS done on the effective methods which 

determine the strain at buckling mit1at1on of longitudinal bars in RC column 

specimens and the1r applicability is discussed. In add1t1on, the Influences of spacmg 

of hoops, diameter of longitudinal bars, cover thickness for hoops and number of 

intervals having the specified length on the determined stra1n at buckling are also 

discussed. 

3.2 REVIEW OF PREVIOUS RESEARCH WORKS 

3.2.1 Judging Methods for Buckling ln1t1at1on 

When discussing the buckling of long1tudmal bars in RC members, the f1rst 

important problem 1s how to determ1ne the buckling 1n1tlat1on pomt. Up to now, 
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however, a unified method has not been established for determining the buckling 

1n1t1ation point and only a few research works (1-5] were reported. 

Suzuki et al. [1] proposed a method for Judging buckling 1n1t1ation point based 

on the idea that the largest effect of the buckling of longitudinal bars on RC 

members was the reduction in load carrying capac1ty. In th1s method, the following 

charactenstic points exh b1ted on the load - longitudinal stra:n curve of RC column 

spec1mens, confined concrete and long1tud:nal bar were used for JUdgment. 

(1) Max1mum load point in load longitudinal strain curve of RC column 

specimens in case that the absolute value of strength reducing gradient rn 

conf1ned concrete is smaller than the strength increasrng gradient of 

longitudinal bar 1n stra1n hardening region (pornt (i) in F1g 3 1). 

(2) Point at wh1ch load carrying capacity commences to decrease remarkably 

in load long1tud1nal strain curve of RC column specimens rn case that the 

absolute value of strength reduc1ng gradient in confrned concrete 1s larger 

than the strength rncreas1ng gradient of longitudinal bar rn stra1n hardening 

region (pornt (1i) rn Flg.3-1 ). 

p 
buckling Initiation 
point~) 

\ ·"· I 
confined concrete l ""- ,. 

(without longitudinal ,. • 
bars) , ·, ___ 4._ 

~gr---..: T ... , =--- T ' ., '~ 
' ' • ~ longitudinal bar 

F1g 3 1 Oef1n1t1on of buckling in1tiat1on proposed by Suzuki et al. [1] 
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The pornt at which the ratio of increase in lateral displacement of long1tud1nal 

bar to Increase in long1tud1nal stra1n ( \oH .1E) turns to be positive in \l'lM \1 -

1ong1tudrnal strarn curve was also added to the charactenst1c pornt for JUdging the 

buckling initiation [2] 

Koyanag1 et al. (3] also proposed a method based on transformation point 

appearing in the strength descending branch rn load displacement curves of RC 

column specimens 

Another method based on the sudden change 1n the readings of strain 

gauges attached so as to face each other on the surface of longitudinal bars was 

also proposed by Maruyama et al. [4]. 

The reviewing research of these proposed methods by Yoshida et al. [5] 

indicated that the strarn at buckling in1tiat1on obtained by the method proposed by 

Suzuki et al. was approximately 40% of that by the method proposed by Koyanagi 

et al. 

3.2.2 Buck rng of Long1tudrnal Bar rn RC Columns and Beams 

Gosain et al. [6] 1nd1cated that two buckling mode shapes of longitudinal bar 

in RC flexural members as schematically shown in Fig.3-2 could be assumed 1f the 

slope was considered to be zero at both ends of each span between stirrups. The 

resulting effective buckling length, assumrng no end translation was one-half the 

stirrup Interval (Fig.3 2-(a)), while equal to one st1rrup rnterval considering end 

translation (Fig.3 2 (b)). It was also indicated that the actual effective length factor 

(k=Vs. lk: buckling length, s: interval of stirrups) fell somewhere between 0.5 1.0. 

On the other hand, Scribner et al. (7] indicated that the buckling of 

longitudinal bar could occur not only within single stirrup Interval (Fig.3 2) but also 

over a length greater than one stirrup interval as schematically shown in Flg.3 3. 

He also recommended that lateral ties with diameters at least half as large as the 

diameter of longitudrnal bar should be used in RC members subjected to inelastic 

cyclic flexure. However, even very large t1es could not guarantee that long1tudrnal 

bars would not buckle under 1nelast1c cyclic flexure. 

Suzuki et al. [1] reported the effects of spacrng of transverse hoops 1n RC 

c1rcu ar column spec1mens. They indicated that the limit value of the spac1ng of 

hoops, for which buckling occurs w1th1n srngle hoop Interval, was approximately 

0. 70 (0: diameter of cross sect1on of specimen) and that buckling could occur over 
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(a) no translation, k=1/2 

Fig.3-2 

·.• ... ~.:·~· ... '. ' ' . . ~. ~ .. 
(b) with translation, k=1 

Buckling mode shapes [6) 

Fig.3-3 Buckling mode spanning three tie Intervals (7] 

a length greater than one hoop interval in case of s 0.70 

Maruyama et al. [4) investigated the effects of the arrangement details of 

longitudinal bars and transverse hoops on the buckling of lOngitudinal bars n RC 

members, and reported that the degree of influence on buckl ng of longitUdinal bar 

became larger in the order of (spac1ng of hoops) · (diameter of longitudinal bar) 

(diameter of hoop) (mechanical properties of long1tud1nal bar) (effective length of 

hoop) and also that a closer spacing of hoops was desirable for prevention of 

buckling of longitudinal bar under the same volumetric rat1o of transverse hoops. 

As for the compressive strain of concrete at buckling 1nitiat1on of longitudinal 

bars (l'cr). Pap1a et al. [8] proposed the following equations based on their analytical 

and expenmental stud1es [9] for the case that buckling occurs within the strain 

harden1ng reg1on of longitudinal bar. 

rcr=fh0 +[0.75(log k-2.5)("-max-!1.) 15
;· : +l]{1 ~1.5 !02;· 2 (0.029/.2-2.671.+64))10 

(3-1 
Where, 

;:. 0 17("-max' 54}0 75
· parameter for the max1mum slenderness. 

lJ (345 f
5

Y)05 : parameter for the y1eld strength of longitudinal bar. 
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~=1-(f '1 Sf )0 "': parameter for the hardening capac1ty of long1tudmal bar . su · sy 
Eh

0
: stra1n at wh1ch the hardenmg of longitUdinal bar begms. 

k=4q<J>
1
Eh

0
/{hl): parameter for lateral stiffness. 

h>
1
: cross sectional area of transverse hoops. 

Ehor tangent modulus at onset of stram hardening in transverse steel. 

h: length of the s1de of the perimeter hoop. 

q: coeff1c1ent depending on the geometry of perimeter hoop. q- /2 for 

octagonal hoops, while in other cases q=2. 

1.-41/d: slenderness of long1tud1nal bar hinged between two consecutive 

supports. 

d: diameter of longitudinal bar. 

1: center to center spac1ng of hoops. 

A.max: limiting value of A. under which the strain hardening is achievable. 

"-max 54 for fsJfsy - 1.5, while A.max=62 for fsJfsy=1.7. 

f
5

Y: yield strength of longitudinal bar. 

f
5
u: max1mum strength of longitudinal bar. 

Companng the test results obtamed by other researchers with the values 

calculated by Eq {3 ·1), 1t was reported that the stram at buck ng of longitudmal bars 

could be well est1mated by Eq.(3 1). 

On the other hand, Suzuki et al. [1] proposed the following equations for 

estimatmg the strain at buckling 1n1t1ation of ongitudinal bars m circular column 

specimens. 

Ebu=4.0 10 4 [{0/s) (1/0.7)]A5fsyh+0.2 (%) for O<s 0<0.7 

Ebu=0.2 (%} for 0.7 s/0 

Where, 

rbu: strain at buckling initiation of longitudinal bar. 

A5 : area of transverse hoop. 

fsyh: yield strength of transverse hoop. 

s: spacmg of hoops. 

0: diameter of cross sect1on of spec1men. 

(3 2a) 

(3 2b) 

These equations were denved from the test results of circular column 

specimens and their applicability was lim1ted. Therefore, they proposed a new 

equat1on applicable to both Circular and square column specimens based on their 
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further mvest1gat1on [2] as given below. 

E'bu::-((6 ·<!>) 90]ct[~2p5fsyh + 1 (%) 

Where, 

c.t=0.7+0.075n 

1~2 "' 1.0 1.0, (n-r 1 9) 

cj>: diameter of long1tud nal bar in em. 

n: number of sub ties. 

Pc rat1o of transverse hoop area to area of core concrete. 

(3-3) 

Eq.(3 3) could est1mate well the stra1n at buckling 1n1tiat1on of longitudinal 

bars. However, the applicability of Eq.(3-3) should be lim1ted Within the range of 

c.t[~2p5fsyh<7, s/D<O 3 and f'c of approximately 300kgf/cm2
. 

Some other researches [1 0-14] dealing w1th buckling of longitudinal bars 1n 

RC members were also reported 1n recent years. 

3.3 EXPERIMENTAL PROCEDURES [15, 16] 

3.3.1 Specimens 

As shown in Flg.3-4, RC square column specimens (1 Ocm x 1 Ocm x 40cm) 

with four longitUdinal bars at each corner were used 1n thiS study. Test variables 

were as follows. 

(1) Spacing of hoops (s) 

Suzuki et al. [1] reported that the effect of spacing of hoops on the buckling 

of longitUdinal bar was influenced by the value of s/D (D: minimum length of cross 

sect1on of specimen) and that the effect became large in the region of s/D<O. 7. 

Maruyama et al. (4] also reported that the influence of spacing of hoops was most 

significant. Considenng these results, three levels of spacing of hoops, that IS, 

s 4cm, 6cm and 8cm were selected here. These values corresponded to the s D 

values of 0.4, 0.6 and 0.8, respectively. 

Welded square hoops made of ¢6mm mild steel bars (fsyh•3100kgf,cm2
) 

were used for the lateral confinement. 

-38 

C) 
C) 

,_ 
t\. rll 

~'\:----· rll 

"'~ &.rll 

"""" ~ c: 0 

!] 
100 1.100,1 

Unit: mm 

Fig.3-4 Dimensions of test spec1men 

(2) Diameter of longitudinal bars (d) 

T 

As the d1ameter of long1tud1nal bars, 1 Omm (01 0 deformed bar) and 13mm 

(D13 deformed bar) were adopted. In addition to these spec1mens with longitudinal 

bars, some specimens without longitudinal remforcement were prepared in order to 

investigate the load carrying capacity of longitudinal bars in confmed concrete. 

(3) Cover thickness for hoops (c) 

In almost all specimens, the clear cover outside the transverse hoops was 

set to be zero. However, some spec1mens w1th cover thickness of 5 or 1 Omm were 

also prepared 1n order to 1nvest1gate the effects of cover thickness on buckling of 

longitudinal bars. 

(4) Number of intervals having the specified length of s (n) 

In order to control the buckling initiation reg1on of longitUdinal bar, the 

specified spacing of hoops (s em) was provided at the m1d he1ght of the column 

specimens with only one Interval (n-1) or three intervals (n 3), cons1denng that 

buckling could occur over the length greater than single hoop interval. Outs1de of 

this reg1on, hoops were placed at 2.5cm interval to prevent premature detenorat1on. 

Propert1es of the matenals used are listed 1n Table 3 1. The details of the 

specimens are also listed 1n Table 3-2 
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Table 3-2-(a) Details of specimens and results of tests 

I buckling average strain in 25c• region • 
Speci1en s d c n s/0' buckling 1 ength at bucklino initiation eb (XIO~) 

(CI) (II) (ml) •ode I Method I Method II lolethod Ill Method IV 
lc11l 

Table 3-1 Properties of materials 010-Ho. I 4 10 0 I 0. 400 tO 7820 175881 26820 lm31 24300 186301 I 5520 1231501 
010-He. 2 4 10 0 I 0. 400 tO 6880 (7275) I 5880 (6075) 8629 (I 04001 
010-Ho. 3 4 10 0 I 0. 400 u 11384 -
010-Ho. 4 4 10 0 3 0. 400 8. 0 8800 12440 10450 11240 

concrete 010-Ho. 5 4 10 0 3 0. 400 12. 0 - 10121 - -
010-Ho. 6 4 10 5 1 0. 444 4.0 - 8695 - -
010-Ho. 7 4 10 5 1 0. 444 tO - 9370 - -
010-Ho. 8 4 10 5 3 o. 444 tO 9702 compressive elastic modulus 
010-Ho. 9 4 10 5 3 0. 444 2. 0 - 7818 -

010-No. 10 4 10 10 1 0. 500 8. 0 - 7475 - -
01 0-No. 11 4 10 10 1 0. 500 4.0 - 10493 - -

strength f 1 
e E e 

(kgf/cm 2
) (kgf/cm 2

) 

010-No. 12 4 10 10 3 0. 500 4.0 - 8463 - -
010-No. 13 4 10 10 3 o. 500 2. 0 - 11668 - -
010-No. 14 6 10 0 1 0. 600 3. 0 8710 (6233) 10730 (5042) 1 5540 (18800f 9180 [6233) 
010-No. IS 6 10 0 1 0. 600 3. 0 9160 189081 9160 Ttt 617l 9280 (9800f -

cylinder square cylinder 
column 

010-Ho. 16 6 10 0 1 0. 600 3. 0 8280 180331 8280 180331 8820 195901 -
010-Ho. 17 8 10 0 3 0. 600 18.0 9670 8180 8820 10540 
010-No. 18 6 10 0 3 0. 600 12.0 - 8130 8820 -442 334~347 3.44X10 5 

010-No. 19 6 10 0 3 0. 600 3. 0 8580 8980 - -
010-No. 20 8 10 0 1 0. 800 4. 0 4020 145251 4020 132381 5420 151701 4020 T403Br 
010-No. 21 8 10 0 1 0. 800 4.0 3940 140441 3940 140441 7510 1127801 -reinforcing bar 
010-No. 22 8 10 0 1 0. 800 4.0 41 40 (5044) 4140 (30Hl 5420 15t80l -
010-No. 23 8 10 0 I 0. 800 4.0 - 4679 - -kind yield tensile 
01 0-No. 24 8 10 0 I 0. 800 4. 0 - 5047 - -
01 0-No. 25 8 10 0 3 0. 800 4.0 4080 4080 - 5620 
01 0-No. 26 8 10 0 3 o. 800 4. 0 3230 3120 7330 -
01 0-No. 27 8 10 0 3 0. 800 4.0 3740 3080 5680 -
01 0-No. 28 8 10 0 3 0. 800 4.0 - 5111 - -

strength strength 
fov f • u 

(kgt/cm 2
) (kgf/cm 2

) 

01 0-No. 29 8 10 0 3 0. 800 4.0 - 4918 - -
010-Ho. 30 8 10 5 1 0. 889 4.0 - 4658 - -<I> 6 3060~ 3 120 4040~4320 
010-No. 31 8 10 5 1 0. 889 4.0 - 6436 - -
010-No. 32 8 10 5 3 0. 889 4.0 - 3848 - -
010-Ho. 33 8 10 5 3 0. 889 4.0 - 3968 - -

D 1 0 3300~4000 4610~5750 

D 1 3 3 5 50~ 3 560 4910~5080 

01 0-Ho. 34 8 10 10 1 1. 000 4.0 - m t - -
010-Ho. 35 8 10 10 1 1. 000 4.0 - 4273 - -
010-Ho. 36 8 10 10 3 1. 000 4. 0 - 3370 - -
010-Ho. 37 8 10 10 3 1. 000 4.0 - 4810 - -

• the val ues within parentheu indicate the strains in the center s c• reoion at bueklino initiat ion. 
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Table 3 2-(b) Details of specimens and results of tests 

d I c I " ouekl1n; I averau 5tra1n 1n 25e• re;1on • 
S~ee11en s ,;o· buekl1ng 

1 

length at buekhn; 1n1tutlon eb (XI0-4>) 
(tl) (u ) (u) aode 1 l.lethod I llethod 11 l.tethod Ill llethod rv 

(tl) 
013-No. I 4 I ~_,_..w_ OJ_OO (1) I 2. 0 7620 (95881_ _j11220 _11420~H 1230 _u 5080) -
013-No. 2 4 13 0 1J_0. 400 (2) I 4. 0 8250 (9150) I 9240 l10950 10560 _ll0940) 

~~-!0-1_ 4 13~: 3 o. 4oo 1 ~ l 12.0: 8140 ! 17460 _! 6530 10250 
013-No. 4 4 I 13 o 3 I o. 4 00 I I 12. o I 9020 I 12570 10450 -

~3-!o-~ ~--H~O~~- 40~ ~ ® I 6. 0 I 9173 - -
013-No. 6 4 13~5 1 o.~_<Z> 4.0 I 13354 I 
013-No. 7 4 13 5 I 0.444 ~ 9.0 - 22021 -
013-No. 8 4 13 5 3 0.444 ® 6. 0 - 15230 

13 t-ro 1 0.~~ __ (2) 4. 0 19235 
. 

013-No. 9 4 - - -
J~!~~ t---4-~~ 10 I . 0. 500 (2) 4.0 - 11 949. - -

10 3+ o. 500 (2) 4.0 10636 
- . 

~~-o.J.J._ 4 13 - - -
~~-No. 12 6 13 0 I 0.600 3. 0 9420 (11096) 13360 om~ H.EQJ~no) 9420 (4575) 
013-Ho. 13 6 13 0 3 0. 600 18.0 8200 12640 12180 17040 
013-No. 14 6 13 0 3 0. 600 12.0 8090 12770 7120 
013-No. 15 6 13 -~ 3 0.600 3. 0 5820 9540 6260 
013-No. 16 8 13 0 1 0.800 4.0 4080 14244) 4080 _l4244) 1700 112760) 4080 14244) 
013-No. 17 8 13 0 1 0. 800 .. o 1 3620 13756) 3440 12sm_ 5330 _11 04301_ 
013-No. 18 8 13 0 1 0.800 (2) 8. 0 1 4337 - -
013-No. 19 8 13 0 3 o. 800 <l5 I 4. 0 I 2430 I 4190 3750 3360 
0.!3-No .. ~~ -! -H-~ 3 i o:Soo I 4.0 48501 4050 3920 -
013-No. 21 8 13 0 3l 0. 800 I 4.0 4290 I 4560 I 4191 I 

013-No. 22 8 13 5 I 0. 889 I 4.0 - ! 4995 
~Ho.23 -~- _p 5 1 I 0. 889 I 4.0 - I 5522 

~~U=~·q4 8 13 5 3 o. 8-89 1 1 I 4.0 - I 3813 - -
~~-Ho. 25 8 13 10 1 1. 000 I I 8. 0 I - I 5662 - -
013-No. 26 8 ~~ ~~ 

__ 1 I, 000 I (2) I 8.0 - I 3891 - -
013-No. 27 8 13 10 3 1. 000 I (1.) I 4. 0 I 5028 - -
013-ho. 28 • 8 13 10 3 1. 000 I (2) I 8.0 I 4815 

• the nlu" w1th1n parenthtu 1nd1eate the ltralnl 1n the center s e• re;1on at bucklin; 1n1t11tlon. 
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3.3.2 Loading Setups 

Spec mens were loaded uniax1al y 

up to failure with care so that the 

eccentnc1ty of load should be minimized. 

Dunng test, the app ed load was 

measured by a load eel., and longitudinal 

deformations in 25cm region mcludmg 

s em region were measured by electric 

stra1n gauge transducers (gauge length. 

50mm) attached on the spec1mens through 

the yokes. In some specimens, longitudinal 

deformations in the center s em region 

(center of three lnteNals hav1ng the length 

of s em in case of the specimens w1th n=3) 

were also measured by displacement 

transducers (gauge length: 1 Omm). In 

addition, strains in each longitudinal bar 

a 
u 

"' "" 

///////////////////////////~ 
cross head or loadin machlne~/.1 

speclcen 
1 

yoke 
f 

Fig.3-5 Loading and measunng 

w1th1n s em region were measured 1n some apparatuses 

specimens by two electric strain gauges 

(gauge length: 2mm), wh1ch were attached so as to face each other on the surface 

of bars. The measuring points of stra1n 1n long1tudmal bars were shown In F1g.3-4 

and the details of loading and measunng apparatuses are shown in Fig.3-5. 

3.4 RESULTS OF TESTS AND DISCUSSIONS [15, 16) 

3.4.1 Methods for Determining the Buckling Initiation Point 

Except for some spec1mens, m wh1ch the load carrying capacity reduced at 

an early stage due to the detenoration of confined concrete near both ends of the 

specimens before buckling in t1ation, the buckling of ongitudmal bars occurred 

w·thin the reg ion where the transverse hoops was arranged at the spacmg of s em 

In this study, the long1tudmal stra n n both the center s em reg1on and 25cm reg1on 

at buckling 1n1t1ation of 1ong1tudmal bar were estimated by the followmg four different 

methods. 

-43-



(1) Method I 

As shown in Fig.3-6-(a), the stra1n in the centers em region ( 1 in Fig.3-6-

(a)) increases similarly to the strain in (25-s) em region ( J), which means the 

region where the center s em region is subtracted from ~~Scm region, until the 

initiation of buckling. However, once the buckling of longitudinal bar occurs within 

the center s em region, the strain in this region commences to mcrease abruptly 

while the strain in (25-s) em region increases very little or none. In this method, the 

buckling initiation point is defined as the point where the strain increment in the 

center s em region becomes to deviate from that in (25-s) em region (• mark in 

Fig.3-6-(a)). In case of the specimens with n=3, buckling can occur in another two 

intervals havmg the length of s em outside the centers em region. In such case, an 

opposite phenomenon can be observed, that is, the strain in (25-s) em region 

begins to increase abruptly while the increase in the strain in the centers em region 

becomes very little. Therefore, the point at which the strain in the center s em region 

separates from that in (25-s) em region can be regarded as buckling initiation point. 

(2) Method II 

This method is similar to that proposed by Suzuki et a.l. [1) and Koyanagi et 

al. [3], based on the idea that the largest effect of the buckling of longitudinal bars 

on RC members is reduction in load carrying capacity. In this method, the 

relationship between the gradient of load - longitudinal strain curve (t.P/t.E) and 

longitudinal strain (E) is firstly obtained as indicated in Fig.3--6-(b). As seen in the 

figure, the gradient of a load - longitudinal strain curve turns to be negative 

immediately after passing the maximum load and decreases to the minimum point 

due to the crushing and spalling of cover concrete. After that, the gradient begins to 

increase up to the maximum point (e mark in Fig.3- 6-(b)) and then decreases 

again. In this method, this maximum point is defined as the buckl ing initiation point 

because this point is supposed to represent the abrupt reduction of the load 

carrying capacity due to the buckling of longitudinal bars if the decreasing ratio in 

load carrying capacity of confined concrete is assumed to bt~ constant. When the 

spacing of hoops is relatively large, the buckling of lon~Jitudinal bars occurs 

immediately after passing the maximum load and the mal<imum point does not 

appear [1). In such a case, the buckling initiation point is defined as the maximum 

load point. This method can be available to both of the stratin in the center s em 

region and the average strain in 25cm region at buckling of longitudinal bar. 
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(c) METHOD Ill 
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steel strain, e s (Xlo-3) 

(d) METHOD IV 

Fig.3-6 Methods for determining the buckling initiation of longitudinal bars 
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(3} Method Ill 

By subtracting the load - long1tudmal strain curve of tt1e spec•men Without 

long1tud1nal bars from that of the specimen w1th long1tud1nal bars. the load -

long1tud1nal stra1n curve of long1tud1nal bar can be obta1ned as shown in Flg.3 6 (c) 

1f the stress - stra1n curve of conf1ned concrete used 1n both spec1mens is assumed 

to be the same. In this method, the buckling tnlt1at1on point 1s defined as the 

max1mum load po1nt of the curve (e mark 1n F1g.3-6-(c)) b13cause this curve 1s 

supposed to represent the load earned by longitudinal bars. 

(4) Method IV 

Maruyama et al. (4] reported that the buckling 1n1t1at1on could be decided by 

the sudden change 1n the readmgs of strain gauges attacheal so as to face each 

other on the surface of long1tud1nal bars. Once the buckling of long1tudmal bar 

commences, the compressive stra1n at the Internal s1de of bar 1ncreases abruptly 

wh1le the stra1n at the opposite s1de begms to decrease as sho~~o.n in Fig.3- 6-(d). In 

this method, the separat~ng pomt 1s deftned as the buckling 1n1tiat1on point ( mark Jn 

F1g.3- 6- (d)) . 

In Table 3- 2 are shown the average strains in 25cm reg1on of each 

specimen at the buckling of longitUdinal bars obtamed from tlhe above mentioned 

four methods. The stra1ns 1n the center s em reg1on are also Indicated as for the 

specimens in which the strains in the s em region were measu1•ed. 

3.4.2 Comparison of Stram at Buckling Obtamed from Each ME~thod 

Fig.3 7 -(a) and (b) show the strains in the center s em region and 25cm 

reg1on at buckltng of longitudinal bars obtained from four different methods about 

the spec1mens w1th n=1 1n wh1ch the buckling occurred within s em region. In these 

f1gures. the honzontal axis shows the stra1ns at buckling obt.a1ned from Method I 

(r b(l)), wh1le the vert1ca ax1s shows the stra1ns denved from Method II, Ill and IV 

(rb(ll), rb(lll) and rb(IV), respectively) for the correspond ng spec1mens, wh1ch are 

plotted by different marks. 

As for the stra1ns 1n the centers em reg1on, the stra1ns at buckling obta1ned 

from Method II tend to g1ve a little smaller values within the reg1ion of Eb <0.008 and a 

little larger values 1n the reg1on of r b>0.008 compared w1th those obtained from 
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Fig.3-7 Comparison of strains at buckl ing mit1at1on obta1ned from each method 

Method I. In this case, however, the difference between these two methods is 

relatively small Th1s tendency IS similar Irrespective of diameter of bars. From these 

results, Method II is supposed to be one of the effective methods to determine the 

buckling initiation point of longitudinal bar in confined concrete. In the specimens 

wh ch d1d not show the clear reduction 1n load carrymg capacity m P- t curve, 

however. the maximum pomt in \P/\r - E curve does not clearly appeared. In such 

cases, the determtned stra ns at buckling may be a 'ittle uncerta·n Th1s tendency is 

sometimes seen 1n the spec1mens with a sma ler spac1ng of hoops and becomes 

more s1gn1f1cant in case of the average stram 1n 25cm reg1on, resulting 1n giv1ng 

considerably larger values than those by Method I. 

The strains at buckling obtained from Method Ill 1nd1Cate larger values 

compared with those from Method ltn case of d=1 Omm and the difference between 

Method Ill and Method I is larger than that between Method II and Method I. In case 

of d=13mm, this difference becomes considerably large. These tendencies are 

observed in both of the strains in the center s em reg1on and 25cm region In the 

P - r curves of the spec1mens w1thout longitudinal bars, the 1ncrease 1n load 

carrying capacity caused by the conf1mng effect due to the mteract1on of longitudinal 

bars and transverse hoops is not included. Therefore, in the P r curves obta1ned 

by subtractmg the P - E curves of the spec1mens Without longitudinal bars from 
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those of the spectmens havmg longttudtnal bars, the above rnenttoned effects are 

mcluded. If It 1s assumed that these effects are the same trrespecttve of spac1ng of 

hoops and dtameter of bars. Method Ill may be used for determmtng the buckltng 

initiation. However, the scattering also extsts 1n the P - E curves of the spectmens 

without longttud nal bars. From these reasons, t is supposed that Method Ill should 

be n supplementary use. 
The stratns at buckling by Method IV sometimes show the same values as 

those by Method I, whtle some values are considerably drfferent from those by 

Method I. Thts method is supposed to be effecttve 1f the buckling occurs at the 

position where the stratn gauges are attached. However, the determmed strams 

may be uncertain 1f the buckling occurs at another pos1t1on. In addition, there are 

some possibilities that stra1n gauges may be broken before the buckling due to their 

sensitivity. From these reasons, it is desirable that Mett1od IV should be 1n 

supplementary use wtth another methods. 

As for the average stratn 1n 25cm regton at buckling of longttudinal bars, the 

value obtamed from Method I is supposed to gtve a lower limit one (Fig.3-7-(b)). 

It ts supposed that Method I mtght be a very effective method when the 

buckling potnt or the failure zone could be pred1cted to a certain extent as seen in 

the case of the spec1mens w1th n=1 used 1n th s study In general cases, however, 

there ex1st some dlfftcultles in se ect ng the spec1f1ed length to measure the 

longitUdinal deformations because the buckling zone of longitudinal bars cannot be 

easily predicted. 

As mentioned above, 1t 1s d1ff1cult to choose the best method for determining 

the buckling initiatton of long1tudmal bars because each me!thod has advantages 

and disadvantages simultaneously. Considering the scattering of test data, 

however, Method I or II should be used mainly for determtnmg the strams at 

buckling, whtle Method Ill and IV should be in supplementary use. 

3.4.3 Buckling Mode and Effecttve Buckling Length 

In Ftg.3-8 are shown schematically the buckling mode of longitudinal bars 

observed 1n the spectmens. The buckling mode and effect1ve buckling length of 

each specimen are also indtcated 1n Table 3-2. The effecttve buckling length 1s 

constdered to be one-half the hoop nterva (s) 1n case of no end translation (Fig.3-

2-(a)), whtle equal to one hoop interval in case of end translation (F1g 3 2-(b)). 
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Fig.3 8 Schema of buckling mode observed 1n the spectmens 

The specimens with d-1 Omm and n=1 show the buckling mode 1 Without 

exception in case of s 6cm or 8cm, resulting in the calculated effecttve buckling 

length of 3cm for s 6cm and 4cm for s 8cm. In case of the spectmens wtth s-4cm, 

on the other hand, the buckling mode - is more frequently observed rather than the 

buckling mode 1 , resulting 1n the effective buckling length close to 4cm. 

As for the spectmens with d=1 Omm and n-3. only the buckling mode 1 1s 

observed 1n the spectmens w1th s=8cm, wh lethe buckling mode spannmg more 

than two hoop intervals, that IS, the buckling mode , 1 and 5 , become to be 

observed 1n the specimens with smaller s-values. These results tmphes that the 

possibility of the occurrence of buckling spanning over several hoop mtervals 

increases wtth decreasmg spacing of hoops in case of the specimens with n=3. 

In the specimens with 013 deformed bars (d=13mm), s1m1lar tendency to the 

specimens with 010 deformed bars (d-1 Omm) is observed as for the tnfluence of 

spacing of hoops (s) and number of intervals (n). However, the buckltng modes 

accompanied by end translation (buckling mode 2, :{ and ~) are more frequently 

observed in the spectmens with d-13mm. This suggests that the effective buckling 

length becomes a little larger with increasing diameter of longttudtnal bars. 

As far as the specimens used, the effect of cover thickness (c) on the 

buckling mode and effective buckltng length is scarcely recognized. 

3.4.4 Strain at Buckling lnit,atlon 

In Flg.3 9 are shown some examples of load- longitudinal stratn curves 
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obtained from the strains m 25cm region. 

The strain at buckling in1t1at1on 1s nev1tably different accord1ng to the length 

where the stram is measured. In some of the tested specimens. the strains 1n the 

center s em region were measured together With the average strains m 25cm 

region. However, the length of s em region is different due to the kmds of spec1men 

and buckling of longitudinal bars d1d not always occur 1n th13 center s em reg1on in 

the spec1mens w1th n 3. 

On the other hand, Method I and II are supposed to b>e one of good methods 

for determining the stram at buckl ing initiation. However, Method I can not be 

appl ied to all the spec1mens because the strains in the center s em region was not 

always measured m all of them. Therefore, the average strains 1n 25cm reg1on at 

buckling 1n1tiation obtained from Method II are used 1n the followmg discussions. 

In Fig.3-1 0 are shown the effects of spacing of hoc ps (s) on the strain at 

buckling in1t1at1on (rb) for spec1mens Without cover concrete (c=O). In this f1gure, the 

average value among the spec mens w1th the same test variables ·s ind·cated The 

strain at buckling in1t1at1on ts remarkably affected by the spacing of hoops, that s 

Eb -value decreases with increasing s-value. Th1s tendency can be observed 

irrespective of diameter of ong1tudmal bar (d) and number of Intervals havmg the 
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Fig.3- 11 Effects of diameter of longitudinal bars on the stra1n at buckling mitiat1on 

length of s (n), although some scattering of data ex1sts 

Fg.3-11 shows the effects of diameter of longitudinal bar (d). In case of 

S=4cm and 6cm. the strain at buckling becomes arger in the specimens wfth 

d=13mm than that in those with d=1 Omm except for on y one case w1th s=4cm, 

C=Omm and n=1. In the spec1mens w'th s=8cm on the other hand, rb-value is 

ranged between 4000 -5000x1 0 6 Irrespective of bar diameter. Th1s is because the 
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Frg .3-13 Effects of number of intervals havrng the specifred 

length on the strarn at buckling inrtratron 

buckling of longrtud1nal bars occurs rmmedrately after the maxrmum load pornt due 

to a relatively large spacing of hoops and consequently the rnfluences of bar 

diameter dose not appear. 

Frg.3 12 and Frg.3 13 show the effects of cover thickness for hoops (c) and 

number of rntervals havrng the length of s (n), respectrvely. In case of s- 4cm, rb 

value becomes largest at c=Smm n the specrmens wrth d=1 Omm while this 

becomes largest at c.;.;;Omm rn the spec mens wrth d=13mm. In case of s-8cm, on 

the other hand, the effects of cover thickness on - b value are not obvrously 

recognized. As for the effects of n, rb -va ue 1n the speer mens with n-3 tend to 

become somewhat smaller than that in the spec mens wrtl1 n=1 except for the case 

of s 4cm and d=13mm. Thrs s marnly due to that possibility of the buckl ng of 
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Fig.3 14 Relationships between s/0' ratio and r b values 

longitudinal bars becomes larger rn case of n=3 than n-1. However, the effects of 

these two varrables on the strarn at bucklrng of longrtudrnal bars are relatively small 

compared wrth those of spacrng of hoops and drameter of longrtudinal bar. 

As mentioned above, distrnct influences of cover thrckness for hoops are not 

recogn1zed and the drfference rn cover thrckness can be replaced by the size of core 

concrete confrned by a hoop, that rs, the mrn1mum eg of a hoop (0'). Therefore, rb­

vaue of each specmen rs re-plottedversuss'O as shown in Fig.3-14. In this 

fgure, Eb-value is almost in inverse proportron to s'O up to s.'O -0.6, while takes a 

constant value of approxrmately 0 004 1n the reg ron of s. 0 0.8. Suzuki et al. [1] 

rndrcated that the strarn at the buckling of longitudina· bar became almost constant 

in the region of s. 0>0.7. In the case of the specimens tested, thrs border line exrsts 

between s=6cm and s=8cm. From these results, the followrng equatrons 

representing the strain at bucklrng rnrtratron of longrtudrnal bars were derrved from 

the regression analysis of tested data. 

Eb=a[(O'/s)-(1.0/0.8)]+0.004 (s/0 <0.8) (3 4a) 

r1. 0.00782 for d=10mm and 0.00936 for d=13mm 

Eb=0.004 (s 0 0.8) (3 4b) 

The strains at buckling nit1ation calculated by Eq (3-4) are also shown ih 

Fig.3-14 together with those by Eq.(3-2) proposed by Suzuk et ai [1] The E0-

values calculated by Eq.(3-4) are more than twrce of those by Eq.(3 2) Thrs is 

manly because Method II for determrnrng the strain at buckling is more similar to 
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the method proposed by Koyanag i et al [3) than that by Suzuki et al. (1 ). These 

facts agree w·th the report (5) that the strain at buckling derived from the method 

proposed by Suzuki et al. 1s approximately 40% of that from the method proposed 

by Koyanag1 et al .. 

3.5 CONCLUSIONS OF CHAPTER 3 

In this chapter, mvest1gat1ons are done on the effect1ve methods to determine 

the strain at buckling initiation of 1ong1tud1nal bars 1n conf;ned RC column 

spec1mens. The effects of spacing of hoops, diameter of long1tudmal bars, cover 

thickness and number of intervals having the spec1fled lemgth on the determined 

stra1ns at buckling are also discussed. The mam conclus1ons obtamed are as 

follows. 

(1) Method I ut11izmg the relat1onsh1p between the load-longitudinal strain curve of 

the region where the buckl ing of longitudinal bars occurs and that of the adjacent 

unfailed region and Method II us1ng the grad1ent of load- longitudinal strain curves 

are considered to be effective for determm1ng the bucklln·g 1n1t1ation of long1tudmal 

bars 1n confined concrete based on the test results. 

(2) It is desirable that Method Ill based on the load- longitudinal strain curves 

obtained by subtracting the P-r curves of the spec1mens Without longitud·nal bars 

from that of the specimens hav ng long1tudmal bars and Method IV based on the 

relative change in the readmgs of the strams gauges attached on the 1ong tudinal 

bars should be used as supplementary to the above methods. 

(3) A closer spacmg of hoops or a larger d1ameter of bars tend to cause the buckling 

mode spanning more than two hoop intervals or the buckling mode accompanied by 

end translation. The effect1ve buckling length 1s approximately equal to one half of 

the minimum length of cross sect1on although 1t becomes a little larger in the 

specimens With a larger diameter of long1tudinal bars. 

(4) Closer spacings of hoops of s D 0 6 's· spacing of hoops, D minimum leg of a 

hoop) IS desirable 1n order to avoid premature buckling of longitudinal bars and 

attain a suff1cient amount of :nelastlc deformab1ilty until the in1t1at1on of buckling. In 

case of s. D 0.8, the effect of hoop spac1ng does not 21ppear and the stra1n at 

buckling 1n1t1at1on mdicates a constant value of approximatBiy 0.004. 

(5) The effect of bar diameter becomes s1gn1f1cant when t11e s D ratio is relatively 
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small (in this study, s D 0 6) In such cases, a larger diameter of longitudmal bars 

nd cates a larger stra1n at buck ng nit1ation. 

'6) The effects of cover thickness for hoops and number of intervals having the 

specified length on the stra1n at buckling of longitudinal bars are relatively small 

compared with those of spacing of hoops and diameter of longitudinal bars. 

(7) As far as these tests are concerned, the strain at buckling Initiation of 

longitudinal bars in confined RC column specimens can be represented by the 

function of s D ratio and diameter of longitudinal bars. 
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CHAPTER 4 

INELASTIC BEHAVIOR OF PRESTRESSED CONCRETE 
BEAMS USING CONFINED CONCRETE IN COMPRESSION 

ZONE OF SECTION 

4.1 GENERAL REMARKS 

Prestressed concrete (PC) has many advantages compared with reinforced 

concrete (RC) and has been applied to many kinds of civil engineering structures 

such as long span bridges, storage or digestion tanks and nuclear reactor vessels, 

in addition to precast industrial products as sleepers, piles and poles. 

Some of the characteristics of prestressed concrete, however, do not always 

become advantages compared with remforced concrete. One of disadvantages of 

prestressed concrete is grouting. In post- tensioned prestressed concrete members, 

grouting into the ducts is usually done after prestressing so that prestressing steels 

may be bonded to concrete. However, th1s grouting procedure may be one of 

obstacles from the view point of labor-saving and shortening of construction period. 

In addition, poor grouting causes earlier deterioration of structures due to corrosion 

of prestressing steels and the quality of grouting has large influence on the 

durability of prestressed concrete structures. 

Another disadvantage is that energy dissipation of prestressed concrete IS 

much less than that of reinforced concrete, although elastic res1stance becomes 

higher and residual deformation at unloading becomes smaller in prestressed 

concrete compared with reinforced concrete. This property 1s not favorable in case 

of large earthquakes under which a large energy dissipation is required because a 

smaller energy dissipation results in a larger dynamic response dunng earthquakes. 

As a structure which supplements the defects of PC as mentioned above, 

unbonded prestressed concrete (UPC) and partially prestressed concrete (PPC) 

have been noticed in recent years. 

Unbonded prestressed concrete can om1t grouting procedure by using 

polyethylene sheathed unbonded tendons filled with grease, and restore the loss of 

prestress due to drying shrinkage and creep of concrete and relaxation of 

prestressing steels by re-tensioning. On the other hand, partially prestressed 

concrete has considerable freedom of design compared with RC and PC, and offers 
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a good solution w1th regard to control of crack width and deflection. It becomes also 

poss1ble to change its load- deflection hysteresis loop from a high restoring 

deformation type as PC to a high energy d·ss1pat1on type IH<e RC. Therefore, the 

potential economic and serv1ceab1l1ty advantages of PPC am bemg fully realized 1n 

construction practice. However, some disadvantages of UPC under se1sm1c loads 

were also reported and 1nelast1c deformation properties of PPC under seismic loads 

have not been made clear. Therefore. it 1s essent1al to make clear their 

fundamental 1nelast1c behavior when subjected to se1smic loading for their more 

extensive structural use. 

In this chapter, Improvement of nelastic deformation properties of unbonded 

prestressed concrete and partially prestressed concrete (including ord1nary 

prestressed concrete) by us1ng laterally confined concrete an:l ma1nly discussed. 

4.2 REVIEW OF PREVIOUS RESEARCH WORKS 

4.2.1 lnfluenc ng Factors on the Inelastic Behaviors of Prestmssed Concrete 

In general, inelastic deformability of prestressed concrete members is 

supposed to be infenor to that of reinforced concrete. In addition, the failure mode of 

the former becomes more brittle than that of the latter especially in unbonded 

prestressed concrete. although prestressed concrete shows a higher restoring force 

with a less residual deformations w1th1n the range of elastic deformation. These 

properties are not favorable from the v1ew point of structural safety under large 

earthquakes. Therefore, many research works has been done on the Improvement 

of ductility of prestressed concrete. 

The main factors wh1ch have influences on the ductility of prestressed 

concrete are as follows. 

1. content of longitudinal steel. 

2. content of transverse reinforcement. 

3. distribution of prestressing steel. 

4 amount of prestress (content of non-prestressing steels). 

5. cover thickness. 

6. bond of prestressing steel. 

7. mechanical propert1es of materials used. 
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The content of longitudinal steels in the sect1on is usually expressed by steel 

mdex (q) defmed as below. 

q qp+qs 

Where, 

APfPY Asfsy 
qp 

bd/c 
qs-

bd/c 

qP: prestressing stee 1ndex. 

q
5

: non- prestressing steel index 

A : area of prestressing steel. p 

A . . area of non- prestressing steel. 

fPY: y1eld strength of prestressing steel. 

f
5

Y: yield strength of non-prestressing steel. 

d : depth of prestressing steel p 

d! · depth of non-prestressing steel 

b: w1dth of cross section. 

f'c: compressive strength of concrete. 

(4 1) 

(4-2) 

In order to ensure suff1c1ent ductility in seism1c design, it is desirable to keep 

the steel index less than 0.2 [1, 2]. Vanous se1smic code provisions [3-5] also 

provide some limits for the amount of steels tn sect1on. 

The content of transverse re inforcement has large influences on the ductility 

of prestressed concrete. The amount of transverse reinforcement is usually 

expressed by 1ts volumetnc rat1o (p
5

) to the volume of confined core concrete. Many 

se1smic codes also indicate the minimum requirement of transverse reinforcement 

for the members subjected to seism1c loads in order to ensure an appropnate 

amount of ductility As for the effects of transverse reinforcement for lateral 

confinement. many research works have been reported [1, 6--1 OJ and the ductility of 

prestressed concrete members can be improved S'gniflcantly by arranging an 

appropriate amount of transverse steel even if they have a large steel Index of 

approximately q;:;;;Q.4 [1 1, 12). 

The amount of Introduced prestress and non prestressing stee l has also 

large Influences on the inelastic behaviors of prestressed concrete members. As the 

Index wh1ch represents the degree of prestress and the amount of non-prestressing 
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steel in the sect1on, mechan1cal degree of prestress, A., defined as below can be 

used. 

(4-3) 

1.=0 1nd1cates rernforced concrete and /.=1.0 Indicates prestressed concrete 

without non prestressrng steels rn the sect1on. In PPC beams, the area surrounded 

by load deformation hysteresis loop becomes smaller with increasing the i.-value, 

resulting in a smaller energy d1Ss1pat1on ability [13-15). especially rn a larger 

deformation level. 

Research works wh1ch investigated the effects of cover thickness, distribution 

of prestressing steel and mechanical properties of materials have been also report­

ed [1, 12, 16, 17]. 

4.2.2 Properties of Unbonded Prestressed Concrete 

In unbonded prestressed concrete, the max1mum flexural strength IS less 

than that of ordinary bonded prestressed concrete and the ult:mate failure mode 1n 

the former is more brittle than in the latter, although elastic recovery of deformation 

1s larger 1n the former than in the latter. Th1s 1s ma1nly duE~ to that the stress in 

prestressrng steel at the ultimate state does not usually reach its yield strength in 

unbonded prestressed concrete because the bond b·etween concrete and 

prestressing steel does not exist. 

For example, JSCE 1nd1cates 1n the Commentary of Standard Specif1cat1on 

for Design and Construction of Concrete Structures (18) that the ultimate flexural 

strength of an unbonded prestressed concrete section should preferably be taken at 

70°1o of that of the eqwvalent bonded prestressed concrete section in case without 

spec1al consideration. However, the measured ultimate flexural strengths of 

unbonded prestressed concrete members are almost in tht: range of 85-95% of 

those of equivalent bonded prestressed concrete members [19, 20]. Ult1mate 

flexural strength of an unbonded prestressed concrete sect1on can be calculated 

strictly by considenng the strain compatibility that th1~ strain increment rn 

prestressing steel due to the applied load 1s equal to the total strain rncrement in the 

concrete at the pos1t1on of prestressing steel summed along with the long1tud1nal 
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direction of the member [21 ]. However, the calculation process of this method is 

very complicated although the agreement of the results is qu•te well. Therefore, 

some s1mpllf1ed method have been proposed based on the expenmental data. 

Baker [22] proposed the equat1on wh1ch g1ves the strain 1n unbonded 

prestressrng steel at the flexural failure of the member by us1ng the strain 

compatibility factor. 

Where, 

f' : strain in prestressing steel at the flexural failure. pu 
€pe: strain 1n prestressing steel due to the effective prestress. 

(4- 4) 

€ : strain in concrete at the position of prestressing steel due to the effective ce 
prestress. 

€cu: ultrmate strain of concrete. 

xu· neutral ax1s depth. 

n.: strain compatibility factor. 

As for the value of strain compatibility factor, for examples, a=0.1 - 0.2 by 

Muguruma et al (21). 04 0.6 for epoxy or asphalt coated unbonded steel by 

Miyamoto et al. (23) and 0.25 for po1yethylene sheathed unbonded steel by 

Kobayashi et al. (24). are recommended. 

On the other hand, Mattock et al. [25] proposed the equat1on representing 

the approximate value of the stress 1n unbonded prestressing steel at the flexural 

failure by the analysis of the experimental data. 

{4 5) 

Where, 

fps: stress in prestressing steel at the flexural failure (in kgf/cm2). 

f · stress in prestressing steel due to the effectrve prestress (in kgf/cm2) . pe 

Pp· prestressing steel ratio ('""AP' bdP). 

The same approach was done by Warwaruk et al. [26] and these researches 
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are reflected on various code provisions, for examples, as ACI [4] and AIJ [27]. 

In general, flexural strengths of unbonded prestressed concrete sections 

calculated by these simplified methods coincided well With tt1e measured ones. 

4.3 INELASTIC BEHAVIOR OF PARTIALLY PRESTRESSED CONCRETE 

BEAMS [28] 

4.3.1 Experimental Procedures 

(1) Specimens 

Dimensions of the beam specimens are shown in Fi~l.4-1. All of the tested 

beams had a 10 x 20cm rectangular cross-section and a total length of 160cm. 

Mechanical degree of prestress A. was chosen at two levels of 0.44 and 0. 78 

for most of tested PPC beams. Conventionally reinforced (A.=O: RC) and fully 

prestressed (A-=1: PC) beams were also prepared for compa1•ison. These four kinds 

of beam sections were symmetrically reinforced ancl designed to have 

approximately the same ultimate flexural strength among them. 

non­
tensioned 
bar 

00 600 

non-tens1oned bar 
_'SZ_/ 

'l:l 

~ 

.Q\ 
prestressing bar 

RC 

~ .[1. .[1. ~ 

'U' I 'U' I 

100 

PPC 

1600 

c~>6mm 
bar· 

PC 

Fig.4- 1 Dimensions of Series- A, B andl C beams 
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In addition, supplementary reversed cyclic loading tests were also done on 

two kinds of unsymmetrically reinforced PPC beams having different A.-values (or 

ultimate flexural strength) between upper and lower part of section, that is, 

A.=(upper: 0.44, lower: 0.56) and (0.60, 0.78). 

Each pair of two beams with or without <j>6mm rectangular hoops 

(fsyh=49kgf/mm2) for lateral confinement, each designated as R-type and N-type, 

were prepared for two types of reversed cyclic loading. These hoops were arranged 

at the spacing of s=d/4 (d: effective depth) within an expected plastic hinge reg1on 

of 50cm length over a mid-span of beam on the basis of the provisions drafted by 

the New Zealand Concrete Design Code Committee [29]. Th1s value corresponded 

to the volumetric ratio of lateral confinement of approximately 2.60%. The vertical 

rectangular stirrups of <j>6mm were also provided as web remforcement 1n the 

remaming part of span, the amount of wh1ch was determmed by tak1ng mto account 

the shear resistance of concrete according to the JSCE PC Standard Code [30]. 

The design compressive strength of concrete was f'c-400kgf/cm2 (W/C~53%) 

throughout the tested beams. A total of 28 beams were tested under three types of 

loading, that is, Senes-A, B and C. Details of beams for each test series are listed 

m Table 4-1, 4-2 and 4-3, respectively. The prestressing bars arranged in PPC 

and PC beams were grouted w1th cement paste of W/C=45% contam1ng an 

adequate amount of water reducing agent and aluminum powder. 

(2) Loading methods 

Each beam was hinged at both ends and tested under symmetrical two­

points loads with shear span length of 60cm and flexural span length of 20cm as 

shown in Fig.4-1. Loading patterns were divided into three series as follows . 

(a) Series-A (unidirectional cyclic loading) 

Series-A tests were done in order to obtain the basic data for the followmg 

Series-B and C tests. Loading sequence of Series-A tests is shown schematically 

in Fig.4-2-(a). The beams were fully unloaded when the load atta1ned the 

compression fiber strain of mid-span section (ec) of 0.001, 0.002, 0.0025, 0.003, the 

maximum ultimate load (P) and also the levels corresponding to the mid-span 

deflection of b=20mm (A=0.029), 25mm (A=0.036), 30mm {0=0.043), --- in the 

falling branch region after P u• in which A indicates the rotation angle (A=2o/l, 1: span 
length). 

(b) Series-B (reversed cyclic loading with one load repetition at each deflection 

amplitude) 
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Table 4-1 Details and test results of Series-A beams 

•1 •2 •3 t4 •s t6 •7 t8 t9 
Specimens A Q s A. A. o. P .. P. p 

(em) (kgf/cm 2) tonf tonf .t onf) 

RC-A-N 0 0. 184 (X) 2-016 - - 2. 25 9. 74 7. 64 

PPC1-A-N 0. 44 0. 231 (X) 2 013 419. 2-A 44 4. 02 9. 97 8. 13 

PPC2-A-N 0. 71 0. 252 (X) 2-010 4113-A 98 4. 09 9. 4 7 7. 90 

PC-A-N 1. 0 (0. 86) 0. 276 (X) 2-416 4113-C 132 5. 52 9. 00 8. 37 

t1 Mechan ical degru of prestress. When cons ider ing 416. A-value of PC-A becomes 0. 86. 
t2) S tee I index. 
t 3) Spacing of hoops. 
t4) Area of non- prestress ing reinforc1ng steel. 

016: A,•1. 986cm1
, f •• •3700kgf/cm1 

013· A,•1. 267cm•, f,.•3800kgf/c11 1 

016 A,=O. 713cm', f ,.•3600kgf/cm1 

016: A,sO. 283cm', f, .•4900kgf/cm1 

t5) Area of pres tress' ng s tee I. 
419. 2-B: A.=O. 6648cm2 , f •• =11400kgf /cm' 
4113-A: A.•l. 327cm2 , f.,•9400kgf/cm 2 

41 13-C: A.=l. 327cm2
, f •• =12500kgf/cm 2 

t6) Introduced prestress. 
t 7) Measured f lexura l cracking load. 
t 8) Measured maxtmum ult imate load. 
• 9) Calculated maxtmum ul t imate load 
t10) Ductility factor. 
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t10 
u 

16. so 

6. 84 

3. 43 

2. 17 

-- -

Table 4-2 Details and test results of Series- B beams 

•1 t2 t3 t4 •s •6 •7 t8 
Spec,mens A Q s A. A. o. P. P.' 

;em} kgf/cm1 ) tonf' (ton f) 

RC-B-N 0 0. 180 (X) 2-016 - - 8. 66 7. 67 
(8. 61) 

RC-B-R 0 0. 180 d/4 2-016 - - 9. so 7. 67 
(9. SO) 

PPC1-B-~ 0. 44 0. 231 CX> 2-013 419. 2-8 49 10. 27 8. 13 
(9. 56) 

PPC1-8-R 0. 44 o. 231 d/4 2-013 419. 2-8 48 12. 00 8. 13 
(10. 441 

PPC2-8- N 0. 71 0. 264 CX> 2-010 4113- A 91 9. 64 8. 01 
(9 13) 

PPC2-8-R 0. 71 0. 264 d/4 2-010 4113-A 93 9. 88 8. 01 
(9. 60) 

PPC3-B-~ 0. 56 0. 303 (X) 2-013 ~ 13-A 90 11. 56 9. 75 
10. 44) (0. 231) (41 9. 2-8} (391 (9. 73) (8. 13) 

PPC3-8-R 0. 56 0. 318 d/4 2-013 % 13-A 98 10. 75 9. 65 
(0. 44) (0. 243) ( 9. 2-8) (40) (1 0. 60) (8. 08) 

PPC4-8-N 0. 71 0. 264 CX> 2-010 4113-A 93 9. 75 8. 01 
(0. 60) (0. 189) ( 419. 2-8) (39) f7. 25) (6. 25) 

PPC4-B-R 0. 71 0. 264 d/4 2-010 ~ 13-A 89 9. 78 8. 01 
(0. 60) 0. 189 ( 41 9. 2-8) (40) (7. 75) (6, 25) 

PC-8-N 1. 0 (0. 86) 0. 276 CX> 2-416 4113-C 111 10. 69 8. 41 
18. 81' 

PC-B-A 1.0 (0. 86) o. 276 d/4 2-~ 6 4113-C 115 10. 13 8. 41 
(9. 13) 

• 1l Mechan ical degree of prestress When constder tng 416. >.-va lue of PCB becomes 0. 86. 
The parentheses ndtcate the values in the negative dtrect Oft 

t2 Steel ndu. The parentheses indicate the values in the negat ve direct ion. 
tl) Spac 1 ng of hoops. 
t4) Area of non-prestresSing re inforcing steel. 

016 · A.•1. 986cm2• f. .•3700kgf/cm2 

013 : A,•1. 267cm', f , .•3800kgf/cm1 

016: A,•O. 713cm 2
, f , .•3600kgf/cm1 

016 A, •O. 283cm1
, f , .•4900kgf/cm1 

tS) Aru of prestress ng stul. 
419.2-8: A.=O. 6648cm1

, f •• •I1400Kgf/cm1 

~ 13-A A.• I. 327cm', f .,•9400kgf/cm' 
4113-C: A.= I. 327cm1

, f •• •12500kgf/cm 1 

The parentheses indicate the values in the negative di reel ton. 
·~ Introduced prestress. The parentheses indtc ate the va lues in the negattve dtrecttoft 

t9 
1.1 

5. 76 
(2. 60) 

4. 02 
(1 84) 

3. 52 
(5. 67) 

10. 00 
' 7. 25) 

3. 83 
(4. 03) 

1. 13 
(6. 33) 

2. 66 
(2. 73) 

s. 73 
(5. 73) 

2. 79 
13. 56) 

8. 08 
(7. 50) 

I. 53 
(2 20) 

2. 09 
(3. 64) 

t7) Meuured maximum ultimate load. The parentheses tndicate the values 1n the negattve d t rect ton. 
t8) Ca culated maxtmum ulttmate load. The parenthuu ndtcate the values tn the negat1ve d trec t ton. 
•9) Duct ili ty factor. The parentheses nd cate the values tn the negat tve d i rect on. 
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Table 4- 3 Details and test results of Senes e beams 

t 1 t2 t 3 t 4 •s t 6 t 7 t 8 
Spec imens X Q s A, A. o. P. P.' 

(em) (kgf/em 2
) , toni ' toni ) 

RC- C-N 0 0. 180 ()() 2-016 - - 8. 60 7. 67 
(8. 38) 

RC-C-R 0 0. 180 d/ 4 2-016 - - 8 81 7. 67 
(8. 31l 

PPC1-C- N 0. 44 0. 231 ()() 2-013 cl> 9. 2-A 46 10. 31 8. 13 
(9. 85) 

PPCI -C- R 0. 44 0. 231 d/4 2-013 c1> 9. 2-A 47 10. 49 8. 13 
(9. 49) 

PPC2-C-N 0. 71 0. 264 ()() 2-010 cl> 13-A 88 9. 64 8. 01 
(8. 94) 

PPC2-C-R 0. 71 0. 264 d/4 2-010 cl> 13-A 92 9. 81 8. 0 I 
19. 19) 

PPC3- C- N o. 56 0. 303 ()() 2-013 cl> 13-A 100 12. 63 9. 75 
(0. 44) (0. 231) (cl> 9. 2-B) (38) (9. 53) (8. 13) 

PPC3-C-R 0. 56 0. 318 d/ 4 2-013 c1> 13-A 104 12. 51 9. 65 
(0. 44) (0. 243) (cl> 9. 2-B) (43) (9. 63) (8. 08 ) 

PPC4-C-N 0. 71 0. 264 ()() 2-010 c1> 13-A 91 II. OJ 8. 0 I 
(0. 60) (0. 189) ~ cl> 9. 2-B) (35 ) (7, 0 I) (6. 25) 

PPC4-C-R 0. 71 0. 264 d/ 4 2-010 cl> 13-A 108 9. 44 8. 0 I 
(0. 60) (0. 189 ) c1> 9. 2-B· (33) (7. 51 ) (6. 25) 

PC-C-N 1.0 (0. 86) 0. 276 ()() 2- cl> 6 c1> 13-C Ill 10. 44 8. 41 
(8. 81 ) 

PC-C-R 1.0 (0. 86) 0. 276 d/4 2- cl> 6 c1> 13-C 115 10. 38 8. 41 
(9. 63 ) 

t l) Mechan ica l degru of prestress. When consider rng «1> 6. X-va lue of PC-C becomes 0. 86. 
The parentheses indtcate the values n the negat i ve d i reet ron. 

t 2) Stee l rndu. The paren theses i nd icate the values in the negat ive drreet ion. 
t 3) Spac r ng of hoops. 
t4) Area of non-prutressrng re~nforeing steel. 

016 A."l. 986em1
, f ., • 3700kgf/em1 

013 . A.• l. 267em1
• f..•3800kgf/em 1 

016 : A. 0. 713cm1
, I .,•3600kgf/cm1 

016: A,• O. 28Jcm1
, f .,•4900kgf/cm1 

t 5) Area ot pru t rusing stul. 
cj>9. 2-B . A,•O. 6648em1

, 1,,•11400kgf/em1 

cl> 13-A: A,•l 327em1
, I ,.•9400kgf/em1 

cl> 13-C: A,•l. 327cm', f,.•12500kgf/em• 
The pa renthesu endteate the va lues in the negative d i rect ion. 

t6) Int roduced prestress . The parentheses rnd reat e the va lues in the negat eve d i rect ion. 

t 9 

1.1 

2. 79 
(2. 77) 

3. 57 
(5. 88) 

2. 38 
(2. 67) 

4. 00 
4. 56) 

I 71 
(2. 26) 

6. 94 
(5. 68) 

1.92 
(2. 84) 

3. 64 
(4. 80) 

1.99 
(2. 76) 

5. 24 
(6. 00) 

1.51 
( I. 84) 

I. 59 
(2. 26) 

t7) Measured max imum u l t imate load. The parentheses ind icate the values in the negative dtr ection. 
tal Ca lculated IIIIX Imum ult imate load. The parentheses nd reate the values in the negat ive d i rect ion. 
t9) Ouct rlr ty hctor. The parentheses i nd icate the va lues in the negat ive drrect ron. 
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(a) Senes-A (b) Senes-B 

Fig.4- 2 Load1ng sequences 

-26y 

-46y 

10 10 
crct•a crcl•• 

H(cycl e ) 

(c) Senes- e 

As shown 1n F1g.4- 2-(b), each one cycle of oad reversal was g1ven at 

gradually increased deflection amplitude of 0- oy (o- 0.007), 2l\ , 3oY, --­

(by=5mm: chosen in these tests as the mid span deflection at first y1eld1ng of Re 

beams). 

(c) Senes- e (reversed cycl,c loadmg w1th ten load repet1t1ons at each deflection 

amplitude) 

cycles 

2oy, 

As shown 1n F1g.4- 2-(c), reversed cyclic loading With load repetitions of ten 

was applied at several levels of deflection amplitude of O= t'>y (ll- 0.007). 

3·' ---u y, , 

4.3.2 Results of Tests and Discussions 

(1) Series- A 

All beams 1n Senes A tests failed ultimately m flexure. In Table 4 1 are 

shown their measured flexural cracking loads (P cr) and max1mum ultimate loads 

(P 0) together with the calculated ultimate one (P u'). P 
0

' IS calculated by the 

conventional ultimate strength theory using rectangular stress block equal to 0.85 

t1mes of cylmder concrete strength (f c) and y1eld strength of steels (fsy• fPY). Ductility 

factor (~t) in Table 4- 1 was defmed in the term of two mtd span def'ect1ons at 0.9P u 

on the ascendtng and fall ing branch curves g1ven by envelope of the load -

deflect1on hysteresis 

Flexural crack ng strength ts clearly found to ncrease w1th increasing i:­
va.ue, when reinforced to have approximately the same max1mum ult'mate strength 

Fig 4-3 shows the measured 10ad - deflection (P - b) hysterests of Series A 

beams together wtth each theoretical P - b envelope curve, wh ch was calculated 
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F1gA 3 Load - deflection hysteresis loops (Senes-A) 
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F1gA -4 Modified stress - stra1n relationships of constitutive materials 
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by modifying the stress- stra1n relationships of constitutive matenals proposed by 

Park et al. [1, 31] as Illustrated in Fig.4-4. As seen 1n F1g.4-3 and Table 4 1, beam 

ductility decreases With increasing 1 .. -va ue. Theoretical P-o envelope curve of each 

beam coincides well w1th each measured one. 

On the other hand, the e ast1c recovenes are compared among four tested 

beams 1n F1gA-S. wh ch are expressed by restor·ng ndex {(t) as defined 1n the term 

of rat1o of restonng m1d span deflect1on at ful. un.oad1ng to total one. Elast1c 

recovery of RC beams IS considerably smaller within the range of 11 0.03. On the 

other hand, even •n PPC beams hav1ng a relatively small i.-value of 0.44, the index 

n is well in excess of 0.9 before the max1mum ultimate load (11<0.01 ). Within the 

falling branch reg1on after that, however, (t-value commences to decrease rapidly 

1rrespect1ve of the magnitude of! ... 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 RC-A-N (,\<()) 
~ PPC1-A-N ().:0.44) 
0 PPC2-A-N (.>.<().71) 
V PC-A-N ().:tO) 

0o 10 20 30 40 50 60 70 80 90 100 
rotation ansle, 8 (X 10"1) 

Fig.4-5 Elastic recovery expressed by restoring index (Senes A) 
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(2 Senes-8 

(a) Ultimate strength and failure mode 

All of PPC beams as well as PC ones fatled ultimately m flexure under 

reversed cyclic load1ng as done 1n Series-8 tests. On the other hand, RC beams 

showed bnttle shear failure due to s1gn1ficant reduction m effectiveness of concrete 

shear resistance mechantsm after the formation of X shaped diagonal shear cracks 

at <'>= 4oy, although these fa:led 1n flexure 1n a more ductile manner under 

unidirectional loading. 

In Table 4-2 are shown the measured max1mum ultimate loads P) together 

w1th theoretical ones (P u) est1mated by the same method as done for Senes-A 

beams. It IS 1nd1cated m Table 4-2 that the measured maximum ultimate load of any 

beam including RC beams IS well in excess of the theoretical one even under the 

reversed cyclic load1ng. 

(b) Deformation property 

Ftg.4-6 shows the measured load -deflection (P - 1'1) hysteresis of Senes-8 

beams together w1th the theoretical P - u envelope curves obta.ned by the same 

method as applied for Senes-A and also the measured P - o envelope curve of 

each correspondmg Senes-A beam. And then, 1n F•g 4 7 are shown some 

examples of the moment curvature (M - <!>) hysteresis loops measured within the 

max1mum moment span together with the theoretical ones calculated on the basis 

of stress - strain relationships of constitutive matenals as already illustrated 1n 

F1g.4-4. 

Load carrying capac1ty of N-type beams Without lateral confinement reduces 

rapidly once the cyclic toad exceeded P u· This strength reduction becomes more 

remarkable m the beams hav1ng a h1gher A.-value. However, it 1s clearly nd1cated 1n 

Table 4-2 and Flg.4-6 that the ductility of PPC and PC beams wh1ch failed 

ultimately m flexure can be improved remarkably by us1ng laterally confmed 

concrete at the compression zone of section. 

Companng the measured P o envelopes of corresponding two beams 

between Series-8 and Series-A tests, the reduction .n load carrymg capac1ty IS 

found to commence somewhat ear.1er m the former than in the latter. 

In RC beams. a sign1f1cant pinching effect in P-o hysteresis loops is 

observed due to the extens1ve d1agonal shear cracks at about O= 6()Y (H= 0.043). 

although stable before o Soy (fl- 0.036). 

As shown in F1g.4 7, theM -<)>hysteresis loops for any type of PPC beams 

can be well estimated by the above mentioned analysis. 
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Fig.4- 6 Load -deflection hysteresis loops (Senes-8) 
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f lg.4-7 Examples of moment- curvature hysteresis loops (Senes-B) 
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(c) Equivalent coeff1c1ent of damp1ng 

The equivalent coefficients of dampmg (heq) obtained from the measured P-l) 

hysteresis loops of Senes-B beams are shown in flg.4-8. The h, -value mcreases 
.q 

w1th mcrease 1n the deflection amplitude or rotat1on angle (II). When compared at 

the same fl value of 11<0.021, the hcq -value of AC beam is considerably larger than 

that of PPC beam, but commences to decrease due to p1nch1ng effect after o 0.021. 

It can be observed in PPC and PC beams that the hc
0
-value of N-type tends to 

1ncrease more rapidly w1th mcrease 1n 11-va.ue and to be higher than that of A-type. 

However, a s1gn1ficant difference cannot be recognrzed in the hcq -values between 

AC beams of N type and A-type because of the extens1ve shear cracks 

Irrespective of beam types. 

Companng the heq value of unsymmetrically remforced PPC beam w1th that 

of symmetrically reinforced one, both of which had the same mechanical degree of 

prestress (i) or steel index (q) m one Side of section, as shown m flg.4 9, the 

former is somewhat smaller than the latter when another s1de of sect1on 1s 

reinforced with higher i. or q-value (PPC3 vs PPC1 ), while larger m the oppos1te 

case (PPC4 vs PPC2). 

{3) Series C 

(a Ult1mate strength and failure mode 

AI of PPC and PC beams failed n flexure, although AC beams failed in 

shear at 1oad reversals of b- 6l'IY {II- 0.043} as we as Senes-B tests. 

It is indicated in Table 4-3 that an atta~nable negat1ve max1mum ult1mate 

1oad of Senes C beams tends to be somewhat small compared with that of each 

corresponding Senes B beam, although any one was well m excess of the 

theoretical value. 

The resu lts of Series-B and Senes-e tests confi rmed that the introduction of 

prestress of about 50kgf/cm2 to the beam, as done 1n the tested PPC beams of 

i.=0.44, 1s very effect1ve for preventing the degradation of concrete shear resistance 

under reversed cyclic loading. 

(b) Deformation property 

f lg.4-1 0 shows the measured load - deflection {P - b) hysteresis of Series­

C beams. And then, flg.4-11 shows the strength reduction (P P m'lY • average value 

for pos t1ve and negat1ve Sides) w1th repeated cycles, n wh·ch P mllx denotes the 

maximum load at each def1ection amp itude. It IS nd1cated n f 1g 4-1 0 and f1g .4-11 

that the reduction m strength after 1 0 cycles of load reversals, for instance at 

-73-



0.35 0.35 - -c: c: ., ., 
§ 0.30 u 0.30 - .;:: 

~ ...J 025 
.... ...! 
8 - 0.25 .., .., 

- c: - c: 
~ i 0.20 ~ i 0.20 ... ... ...... e...,. e...,. 
::> 0.15 ::> 0.15 cr..- 17'-
C>O C>O 

0.10 • RC-8-N (A. ::0) 0.10 RC·8·R (A.~O) 
0 PPCI-8-N (A.::OW PPCI-B·R <;.~ow I 

0.05 1::. PPCJ-8-H ().::0 II) 0.05 PPCJ·S·R <A~om 
("\ PC-8·H (A=I) I PC-8-R (A=I) 

__J 

00 2 3 ~ 5 6 00 2 3 ~ 5 6 1 8 9 
deflect ton (xO' ,) deflect ton (xO' ,) 

Fig.4 -8 Equivalent coefficient of damping (Series- B. Effect of A) 
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Fig.4 9 Companson of heq between unsymmetrically 

and symmetrically remforced beams (Senes B) 
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Fig.4-11 Strength reduction w1th repeated cycles (Sereis-C) 
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b= 4oy, 1s only less than 10% m all of PPC beams w1th lateral confinement. 

However, remarkable strength detenorat1on With increased number of load reversals 

at b= 3oy IS observed 1n PC beams due to progressive crush1ng and spalling of 

concrete even 1f lateral confinement IS arranged. 

S1m1lar tendency is recogn1zed at o= 4oy 1n RC beams due to the 

development of X- shaped cracks. 

(c) Equivalent coefficient of damp1ng 

The relat1ons between equivalent coeffic ents of damping (heql and repeated 

cycles are shown 1n Flg.4-12. The hcq-value of PPC and PC beams decreases 

somewhat abruptly at the second cycle of relative ly small deflection amplitude of 

b= 2by, but any marked change of hcq - value can not be observed up to tt'le tenth 

cycle after the th1rd cycle. On the other hand, at larger deflection amplitudes of 

b 4by, the heq value of these beams tends to Increase w1th repeated cycles at a 

constant deflection amplitude, wh1le that of RC beams decreases rather rapidly 

because of the p nch ng effect caused by the gradual development of shear cracks 

With repeated cycles. It is also found in Fig.4-12 that the hcq -value increases w1th 

decrease n 1. value when o 3~'>y. but that heo of RC beams decreases rapidly 

with repeated cycles when o> 3i'>Y, resulting 1n a somewhat small value compared 

with both of PPC and PC beams. 

As typically shown in Fig.4 13, the same tendency as observed 1n Senes- B 

tests can be recognized as for the difference of heq values between 

unsymmetncally and symmetrically reinforced PPC beams. And also, any 

remarkable difference can not be found in the change of heq - value with repeated 

cycles at a g1ven deflection amplitude between these two types of beams 

4.3.3 Summary of the Results on Partially Prestressed Concrete Beams 

(1) All of tested PPC beams of i, 0.44 as well as PC beams failed ultimately 1n 

flexure. On the other hand, RC beams showed bnttle shear failure due to s1gn1f1cant 

reduct1on in effectiveness of concrete shear res1stance mechan sm after the 

format1on of extensive X-shaped d agona cracks under reversed cyclic loadmg at 

o= 4oy, although these failed m flexure under unidirectional load1ng. 

{2) Loss 1n strength after ten cycles of load reversals, for mstance at 4oy 1s only 

less than 10% in all of PPC beams w1th lateral confinement. However remarkable 

strength detenoration with Increased number of load reversals at b= 3oy IS 
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Fig.4 12 Changes of heq with repeated cycles (Series- C) 
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Fig .4-13 Comparison of heq between unsymmetncally 

and symmetncally reinforced beams (Senes C) 

observed 1n PC beams due to progress1ve crushing and spalllng of concrete even 1f 

lateral confinement 1s arranged. and s1m1lar tendency 1s recogn,zed at l'>- 41\ 1n RC 

beams due to significant development of X-shaped diagonal cracks. 

(3) Equivalent coeff1c1ent of dampmg as well as d1ss1pated energy IS s1gmf1cantly 

affected not only by beam types (mechan•cal degree of prestress, spacing of hoops) 

but also by reversed cyclic loading cond1t1ons (deflection amplitude, repeated 

cycles). 

(4) Moment curvature hysteresis loops fo r any types of PPC beams can be well 

estimated by taking into account the stress - stra1n relat1onsh1p of constitutive 

materials and effect of latera conf1nement. 

(5) The results of these fundamental tests implies that the Inelastic behaviors of 

PPC beam under reversed cyclic 'oad1ng as expenenced w1th earthquake act1on IS 

favorable 1n comparison with RC or PC beam. 

4.4 INELASTIC BEHAVIOR OF UNBONDED PRESTRESSED CONCRETE 

BEAMS [32, 33] 

4.4.1 Experimental Procedures 

All of the tested beams were of a rectangu lar sect1on of Width (b) x full depth 

(h) = 10 x 20cm and a total length of 160cm. Test programs consist of two senes, 

that is, Senes- 0 and Series-E, and the detai ls of each test senes are as follows. 
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Fig.4-14 Dimensions of Series-D beams 
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In thrs senes, unbonded prestressed concrete beams w1thout groutrng of 

cement paste were used together w1th the corresponding bonded ones. In these 

beams, prestressing bars were used for prestressrng steel. The detarls of the cross 

section of these beams are shown ;n Flg.4-14. A half number of Series-D beams, 

subjected to reversed loadrng, were uniformly prestressed, whereas the rema1nrng 

half number of beams, which were subjected to un1d1rect1onal load1ng, were non­

uniformly prestressed With one prestressing bar. 

The ma1n test vanables are as follows. 

a) prestressing steel rndex (q): 0.133, 0.216 and 0.241. 

b) spacing of hoops for lateral confinement (s): , d 2 and d/4. These corresponded 

to the volumetnc ratro of p
5
=0°o, 1 39°'o and 2.78°'o, respectively. 

Concrete off c=450kgf, cm2 (W C=44°1o) was used in all of Series-0 beams. 

The <t>6mm hoops of f
5
y=49kgf mm2 were arranged at the prescr-bed spac ngs 

within 50cm length over a m1d-span, 1,\hrch covered the plastic hrnge zone. In order 

to prevent the premature shear fa1 ure, web rernforcement of (j>6mm vertrcal stirrups 

were prov ded rn the rema1n1ng parts of the span. The amount of web reinforcement 
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was determined based on the JSCE PC Code [30], in whrch the shear earned by 

concrete (V c) was taken nto account rn contrast to the New Zealand Code [3] and 

FIP Recommendation [34] whrch assume Vc to be zero for reversed cycl iC loadrng 

because of reduction in the effectiveness of the concrete shear resrstance 

mechanrsm. The details of Series-0 beams are listed n Table 4- 4. 

(b) Loading methods 

A total of 12 simply supported beams were tested under symmetncal two 

p01nts load wrth ad~ ratio of 4 3 Two patterns of cycl1c loadings With or Without load 

reversals were adopted. The former type of loadrng corresponds to L2 and the 

latter to L 1 rn Table 4-4. 

In L 1 type of loading, the beams were fully unloaded at each repetrtron when 

the load attarned the compression fiber strarns of mrd- span sectron (1) of 0.001, 

0.002, (0.0025), 0.003, the maxrmum ultimate (P u) and also some levels on the 

falling branch of load mid span deflection curve. On the other hand, in the beams 

of L2 type of loadrng, in wh1ch hoops were arranged at the spacing of s=d/4, each 

mid-span deflectron amplitude was kept nearly equal in the pos1t1ve and negat1ve 

directions. Each amplitude corresponded to Ec of 0.001. 0.002, (0.0025), 0.003 and 

P u· on the pos1t1ve run and some levels on the fallrng branch curve. 

'2) Senes E 

taJ Specimens 

In Senes-E, unbonded prestressed concrete beams w1th polyethylene 

sheathed 7-ply unbonded prestressing strand fi'led w1th grease were used together 

with the corresponding bonded beams. The deta1ls of the cross sect1on and the 

anchorage are shown in Fig.4 15. The adopted test variables are as follows. 

i) prestressrng steel index (q): 0.18 and 0.26. 

ii) spacing of hoops for lateral confinement (s). and d/4. These values correspond 

to p5=0% and 2.43%, respectrvely. 

The design compressive strength of concrete was 550kgtcm2, and the hoops 

and vertical st1rrups were arranged rn the same manner as Serres D beams. 

One parr of beams, unbonded and bonded, were prepared for each test 

vanable The deta1ls of Senes-E beams are shown 1n Table 4- 5. 

(b) Loading methods 

In total. 16 s1mply supported beams were tested under symmetr·ca' two 

PO nts load wrth a,.dP rat1o of 3. 75 Load:ng patterns srm ar to those used n Senes 

D were adopted. In reversed cyclic oad ng, however, unloadrng was done at the 
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Table 4-4 Details and test results of Senes D beams 

*I •2 t3 t4 tS •6 
Spec imens Load1ng Bonded or q s A. o. 

Type Unbonded .em, (kgf/cm') 

D-1 u 
00 

D-2 B 
r--

D-3 u 
ll 0. 216 d/2 4> 13-B 

D-4 B -
D-5 u 

d/4 
D-6 B 

D-7 u 
0. 133 4> 11-B 

D-8 B 

D-9 u 
L2 0. 216 d/4 4> 13-B 

D-10 B 

D-11 u 
0. 241 4> 17-A 

0-12 B 

tl) ll: Unidirectiona l load 1ng, L2 : Reversed cyclic loading. 
•21 U: Unbonde~ B: Bonded. 
•3 Steel index. 
•4) Spac1ng of hoops. 
•S) Area of prestress 1ng steel. 

4> 11 B: A.•O 9503cm'. I .. -11200kgf/cm' 
4> 13-B: A." I. 327cm'. f •• ~11000kgf/cm' 
4> 17-A: A.=2. 27cm'. f .. •8500kgf/cm' 

•6) Introduced prestress. 

II 0 

113 

113 

114 

85 

116 

78 

74 

102 

103 

121 

138 

•7 •8 
P .. P. 

(tonf ) (tonf ) 

4, 00 7. 70 

4. 40 7. 80 

4, 00 7. 26 

3. 60 8. 00 

3. 60 7. 33 

4. 00 8. 58 

3. 50 7. 20 
(3. 20) (5. 80) 

3. 60 7. 30 
(3. 60) (6 70) 

3. 60 7. 60 
(3. 60) (6. 22) 

3. 20 8. 20 
(3. 20) (7. 74) 

5. I 0 9. 08 
(5. I 0) (8. 20) 

5. 20 10. 33 
(4. 80) (9. 28) 

t9 tiO 
P.' .IJ 

(ton f) 

7. 24 7. 5 

8. 58 7. 7 

7. 21 12. 2 

8. 58 >9. 5 

7. 33 > 12. 9 

8 58 >12. 7 

5. 67 5. 7 

6. 95 12. 0 

7. 29 8. 6 

8. 58 11. 4 

9. 42 >9. 2 

10. 67 9. 1 

t7) Measured flexural crack1ng load. The parentheses ind1cate the values 1n the negat1ve direction. 
t8) Measured maximum ultimate load. The parentheses indicate the values 1n the negative direction. 
t9) Calculated max1mum ult1mate load. 
t10) Ouctll1ty factor in the positive direction. 
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Dimensions of Senes-E beams and details of its anchorage zone 
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Table 4-5 Details and test results of Senes-E beams 

t1 t2 t3 u tS t6 
Specimens Load1 ng Bonded or q s A. a. 

Type Unbonded (em) (kgf I cm1) 

E-1 u 0. 186 
00 

E-2 8 0. 154 7-p1y 
12. 4nvn 

E-3 u 0. 186 
l1 d/4 

E-4 8 0. 167 

E-5 u 0. 269 
00 

E-6 B 0 243 7-p I y 
15. 2mm 

E- 7 u 0. 271 
d/4 

E-8 8 0. 24 7 

E 9 u 0. 186 

00 

E-10 B 0. 152 
7-ply 
12. 4mm 

E-11 u 0. 186 

L2 d/4 
E-12 B 0. 167 

E-13 u 0. 269 

00 

E-14 B 0. 243 
7-ply 
15. 2mm 

E-15 u 0. 271 

d/4 
E-16 B 0. 24 7 

t l) L1 unidirec t ional oading, L2· Reverud cycl1c load 1ng. 
+2) U Unbonded, 8: Bond ed. 
tJ) Steel ind ex. 
+4) Spac 1 ng of hoops. 
tS) Area of prestressing steel. 

7 pl y 12. 4mm : A.=O. 9203cm1 , 1.,·11200kgf/cm1 

7-ply 15. 2mm. A.=l. 385cm1
, t.,•16600kgf/cm 1 

+6) Introduced prestress. 

121 

121 

109 

113 

163 

164 

175 

171 

109 

112 

117 

109 

159 

168 

161 

165 

t 7 t8 
P,, P. 

(ton f) (ton f) 

4. 50 8. 66 

4. 30 10. 10 

4. 50 8. 07 

5. 00 10. 46 

6. 00 10. 17 

5. 50 12. 38 

4. 50 9. 48 

6. 00 12. 60 

3. 00 8. 21 
(3. 001 7. 871 

5. 00 8. 75 
{4. 00) (8. 431 

5. 00 7. 59 
(3. 00) (7. 51) 

5. so 10. 39 
(5. 00) 19. 66) 

5. 00 a. 98 
(4. 00) (8. 31) 

6. 50 12. 40 
(6. 00) 10. 59) 

5. so 8. 74 
(4. 50) ,9. 201 

6. 10 11. 63 
15. 00) (11. 61) 

t9 t10 
p . .' ~ 

(ton f) 

8. 09 3. 7 

9. 34 3 3 

7. 59 >15. 8 

9. 28 >8. 6 

9. 88 3. 6 

12. 17 2. 5 

10. 31 7. 7 

12. 15 >9. 3 

7. 59 4. 1 

9. 35 5. 6 

7. 92 >9. 2 

9. 28 >5. 2 

9. 72 3. 7 

11.97 2. 9 

9 79 4. 5 

12 31 >5 7 

+7) Meuur ed flexural crack1ng load. The parentheses indicate the values in the negat1ve derect1on. 
+8) \leuured maxlmu:n ultimate load. The parentheses indica te the values 1n tne negat 1v e d~rect 10n. 
+9) Calculated ~ax1mum ult1mat e load. 
+10) Duct ili ty factor in the posit1ve dtrection. 
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deflect1on amp 1tudes corresponding to £c 0.002, max1mum ultimate oad and the 

rotation ang e of H= 0.029. 

4.4.2 Results of Tests and Discussions 

(1) Senes D 

(a) Load carrymg capacities 

In all of the beams, the f1rst flexural cracking occurred when fc on the 1n1t1al 

pos1t.ve run was 1ess tt'lan 0 001, and the negattve flexural crack1ng strength was 

a1most equal to the pos·t1ve one as shown 1n Table 4 -4. 

The unbonded beam (87), having a low steel 1ndex of q-0.133 and narrow 

hoop spac1ng of s=d/4, failed finally by rupture of prestressing steel at extremely 

large m1d-span deflection of approximately 40mm. The fmal failure in the other 

beams were caused by crushing of concrete without rupture of prestressing steel. 

In Table 4-4 are shown the measured max1mum ulttmate loads (P) together 

With the calculated ones P u ). P u' of the unbonded beams were calculated by usmg 

Eq.(4-5) proposed by Mattock et al. As 1nd1cated n Table 4-4, P .~of the unbonded 

beam 1s less than that of a comparable bonded beam, 1rrespect1ve of the 1oad1ng 

types. However, its reduction rat1o is at most 15%. 

The measured u t1mate loads of unbonded beams co1ncide well w1th the 

calculated ones by assuming the rectangular stress block equal to 0.85f c of 

concrete and the stress in prestressing steel at the ultimate state (fP
5

) derived from 

Eq.{4-5). Even after subjected to high mtens1ty reversed cyclic load1ng, the ultimate 

flexural strength of unbonded beams scarce'y reduced compared w1th the 

calculated value except for the beam D 11 with the largest q-value. 

The s1gn1f1cant shear cracks did not occur up to failure in all of the beams. 

Th1s suggests that the requirement for web remforcement as provided 1n the JSCE 

PC Code (30] may be conservative for the post-tens1oned beam, whether 1t 1s 

bonded or unbonded, wh1ch is subjected to load reversals well into the melast1c 
range. 

It is Indicated n Fig.4-16 that the rat1o of negat1ve maximum oad to positive 

one (P P ) at each repeated cycle of the same deflection amplitude tends to be 

smaller 1n the unbonded beams 1n the reg1on of rotat1on angle o 0.010 than the 

bonded ones. This result suggests that the flexural rigidity 1n the negative loading 

run of unbonded beams can be more remarkably reduced by the previous pos1t1ve 
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h. 1.2 .-::::---~-...-~--:---, 
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b.. l.O ~-D-12 (boododl. 
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F1g .4- 16 Ratio of negat1ve attainable 1oad P ' to posit1ve 

one (P ) at each cycle L2 Type of Senes- 0) 

run compared wtth bonded beams. 

(b) Elast1c recovery 

In F1gA 17 are shown some examples of e:ast1c recovery on unloadmg. 

bemg expressed by restonng mdex (n) as defined before. The unbonded beams 

show that, up to failure somewhat marked elastic recovery 1n companson with the 

bonded ones, especially 1n the range of H 0.030. 

(c) Equivalent coefficient of damping 

In Fig.4 18 are shown the equivalent coefficients of dampmg (hcq) under 

reversed cyclic loadmg (l2-type). Except for the case of q-0.133, m which the hcq­

values of unbonded beam 1s considerably larger than those of bonded one, heq­

values are not so much different between unbonded and bonded beams. Th1s IS 

mamly due to the debond1ng of prestressmg steel aggravated by h1gh mtens1ty 1oad 

reversals [35], and conf1rms the prev1ous results of tests that the energy absorption 

for grouted bars was only 10 to 20~o greater than ungrouted bars [361 

On the other hand h( -values of unbonded beams are affected by q values. 

that IS, hcq - value at the same rotat1on angle tends to be smader w1th mcrease 1n q-
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Flg.4 - 17 Elastic recovery expressed by restoring index (l 1 Type of Senes- 0) 
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Fig.4-18 Equ1valent coefficient of damping (L2 Type of Senes D) 

-87-



..: 
0 .... 
0 

~ 10 

0: unbonded 
e : bonded 

o~--~--~--~~ 
s=oo s=d/2 s=d/ ~ 

spacins of hoops, s 

(a) Effect of hoop spac1ng (l 1 Type) 

~ 15 ~--~----~--~ 

.... 
0 .... 
0 

~ 10 

0: unbonded 
e : bonded 

<o.to 0.15 0.20 o.25 
steel index, q 

(b) Effect of steel index (L2 Type) 

Fig.4-19 Ductility factors (Series-D) 

value. This tendency is also observed in bonded beams [9]. 

As far as Senes D tests are concerned, the value of heq at the maximum 

ultimate load, irrespective of spacing of tie and existence of grout1ng, 1s 

approximately 0.15 for q:....0.2 which may be considered appropnate as the upper 

limit in seismic design of prestressed elements. 

(d) Ductility factors 
In Fig.4-19 are shown the ductility factors p which IS def1ned in term of the 

ratio of two mid-span deflections at 0.8 P u on the ascend1ng and fallmg branch 

curves given by the envelope of load - deflection hysteresis loops under 

unidirectional loading. 

As can be clearly seen in Fig.4-19, the unbonded beams show almost the 

same ductility as the bonded ones under unidirectional loading and the ductility of 

both of unbonded and bonded beams can be remarkably Improved by arranging 

lateral hoops closely, for example, at the spacing of s=d/4. Under reversed cyclic 

loading, on the other hand, ductility of unbonded beams tends to be smaller than 

that of bonded ones m the range of smaller q values, especially at q=0.133. 

However th1s difference becomes smaller with 1ncrease in q-value. 

(2) Senes-E 

(a) Load carrymg capacities 

The flexural cracking strength of the beams with high prestress of q=0.26 IS 

approximately 25°'o higher than that of corresponding beams of q=0.18 as mdicated 

in Table 4-5. In almost all of the Series-E beams, the negative flexural cracking 

strength is about 20% lower than the positive one. Th1s result is somewhat different 
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from that observed in Series-D beams. This is mainly due to that the flexural cracks 

generated during the first positive loading extended significantly because the 

deflection amplitude at the first positive run was relatively large compared with that 

in Series-D. resulting in considerable reduction of section rigidity when subjected to 

subsequent negative loading. 

Significant shear cracks did not occur up to failure and all of the beams fa1led 

ultimately in flexure accompanied by cru·shing of concrete Within mid-span as seen 

in Series-D beams. 

As indicated in Table 4-5, the measured maximum ultimate loads (P u) of the 

unbonded beams are lower by about 20% than those of the bonded beams, 

although this reduction ratio is at most 15% in Series-D beams without grouting of 

cement paste. 

(b) Elastic recovery 

In Fig.4-20 are shown the typical P- b hysteresis loops. Some examples of 

elastic recovery on unloading are shown in Fig.4-21, wh1ch are expressed by 

restoring index (n) as defined previously. 

The index, a, decreases with increasing applied deflection amplitude, but are 

well in excess of approximately 0.8 in all of the beams even when unloaded at P u 

(fl=0.015). 

The value of c1., within the falling branch region, is considerably higher in the 

beam having a close spacing of hoops (s=d/4) than that in the beam without lateral 

confinement. The unbonded beams show almost the same elastic recovery as that 

observed in the bonded ones. 

(3) Equivalent coefficients of damping 

In Fig.4-22 are shown the equivalent coefficients of damp1ng (heq). The 

coefficient, heq' increases with increasing applied deflection amplitude The value of 

heq is equal to approximately 0.05 at the loading level of Fc=0.002 {0~0.008), and 

then 0.15 at P u (A=0.015) irrespective of test variables. Moreover, heq IS larger in the 

beams without lateral confinement than 1n those with lateral confinement within the 

falling branch region {A>0.020). 

The effect of prestressing steel index and bond for prestress1ng strands on 

the coefficient, heq' cannot be significantly noticed. 

{d) Ductility factors 

In Table 4-5 are listed the deflection ductility factor ()..l). It can be clearly 

observed in Table 4-5 that the ductility of prestressed beams are considerably 

improved by arranging the hoops closely, for instance, s=d/4, and this effect is more 
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remarkable in unbonded beams. 

4.4.3 Summary of the Results on Unbonded Prestressed Concrete Beams 

(1) The maximum ultimate load, Pu, of unbonded beams with grease- filled type of 

prestressing strand is approximately 20% lower than that of bonded ones, while this 

reduction ratio is at most 15% in case of the unbonded beams without grouting of 

cement paste. 

(2) Elastic recovery of prestressed beams can be in excess of, at least, 0.8 even 

when unloaded at P u' and that IS somewhat higher in the unbonded beams than the 

bonded ones. 

(3) The equivalent coefficient of damping, heq• at the maximum ultimate load IS 

approximately 0.15 irrespective of hoop spacing and existence of bond for 

prestressing steel. Withm the falling branch region, however, the value of h is eq 

considerably affected by the spacing of hoops for lateral confinement. 

(4) A closer spacing of lateral confinement, for example, s=d/4 is very effective for 

improving the deflection ductility, especially, 1n unbonded beams. 

4.5 CONCLUSIONS OF CHAPTER 4 

In this chapter, inelastic behavior of partially prestressed concrete beams 

and unbonded prestressed concrete beams are discussed by focusing ma1nly on 

the effect of transverse hoops for lateral confinement on their melastic deformation 

properties. The main conclusions obtained are as follows. 

{1) All of the tested partially prestressed concrete beams (A. > 0.44) including 

unbonded prestressed ones failed ultimately in flexure even when subjected to 

reversed cyclic loading well into the inelastic range. Reinforced concrete beams, on 

the other hand, failed ultimately in shear under reversed cyclic loading due to the 

significant reduction in shear resistance of concrete after the formation of X-shaped 

diagonal cracks which appeared at b= 4b , although these failed in flexure under y 

unidirectional loading. These facts suggest that even a small amount of introduced 

prestress is very effective in order to restrain the reduction in shear resistance of 

concrete under reversed cyclic loading. 
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(2) Ultimate flexural strength of unbonded prestressed concrete beams is smaller 

than that of corresponding bonded ones. However, its reduction ratio is at most 15% 

in case of no grout type and about 20% m case of grease filled type, although the 

specification of JSCE considers the reduction ratio to be 30%. Ultimate flexural 

strength of unbonded prestressed concrete beams can be well estimated by 

assuming the stress in prestressing steel at the ultimate state as, for example, 

Eq.{4-5). 

(3) Elastic recovery of partially prestressed concrete beams before the max1mum 

ultimate load is well in excess of 0.8 even when the Introduced prestress IS 

relatively small (A.=0.44). Elastic recovery of unbonded prestressed concrete beams 

is almost equal to or somewhat larger than that of corresponding bonded ones. 

Closer arrangement of hoops is effective for improving elastic recovery even with1n 

the falling branch region after the maximum ultimate load. 

(4) Equivalent coefficient of damping as well as energy dissipation of partially 

prestressed concrete beams including reinforced and prestressed concrete ones 

tends to decrease with increasing mechanical degree of prestress, although that of 

RC beams begins to decrease at a smaller deflection amplitude compared w1th PPC 

and PC ones because of the pinching effect in load - deflection hysteresis loops 

due to the extensive diagonal cracks. On the other hand, equivalent coefficient of 

damping of unbonded prestressed concrete beams is almost equal to that of 

corresponding bonded ones, and its value at the maximum ultimate load is 

approximately 0.15 irrespective of the existence of transverse hoops. 

{5) Ductility of prestressed concrete beams including partially prestressed and 

unb<>nded prestressed ones can be improved significantly by arranging transverse 

hoops in the compression zone of section for lateral confinement at the spacing of, 

for example, 1/4 of effective depth. However, the results of these fundamental tests 

suggest that the inelastic behavior of partially prestressed concrete beam under 

reversed cyclic loading as expected during earthquake action is more favorable 

than that of reinforced concrete and prestressed concrete beam. 

REFERENCES OF CHAPTER 4 

1) Thompson, K. J. and Park, R., 'Ductility of Prestressed and Partially 

Prestressed Concrete Beam Sections", PCI Journal, Vo1.25, No.2, pp.46-70, 

1980. 

- 93 -



2) Okamoto, S., "Se1smic Safety of Prestressed Concrete Structures," Journal of 

Japan Prestressed Concrete Engineering Assoc1at1on, Vol.21, No.4, pp.38-54, 

1979. (in Japanese) 

3) Standards Association of New Zealand, "Code of Practice for the Design of 

Concrete Structures (NZS 31 01), " Part1 , 1982. 

4) ACI Committee 318, "Building Code Requirements for Reinforced Concrete 

(AC1318-89)," 1989. 

5) Architectural Institute of Japan, "Recommendations for Design and 

Construction of Partially Prestressed Concrete (Class Ill of Prestressed 

Concrete) Structures," 1989. (in Japanese] 

6) Okamoto, S., "Experimental Study on the Ductility of Partially Prestressed 

Concrete Beams,' Proc. of FIP Symposium, Part2, 1980. 

7) Suzuki, K., Nakatsuka, T., Hiramatsu, K. and Nagata, S., "High Ductile 

Behavior of Partially Prestressed Concrete Beams with Confined Concrete m 

the Compression Zone," Proc. of JCI 7th Conference, pp.485-488, 1985. [in 

Japanese] 

8) Park, R. and Thompson K. J., "Behavior of Prestressed, Partially Prestressed 

and Reinforced Concrete Interior Beam-Column Assemblies under Cyclic 

Loading: Test Results of Units 1 to 7," Research Report, Dept. of Civil 

Engineering, University of Canterbury, New Zealand, 1974. 

9) Okada, K., Kobayashi, K., Inoue, S. and Inoue, S., "Studies on Performances 

of Prestressed Concrete Beams under Cyclic flexure in Post-Elastic Range,' 

Pro c. of the 26th Japan Congress on Materials Research, pp.169-17 4, 1983. 

1 0) Muguruma, H., Watanabe, F., Tanaka, H. and Katsuda, S., "Improving the 

Ductility of Prestressed Concrete Beam by Using the High Yield Strength 

Hoop Reinforcement," Proc. of JCI 2nd Conference, pp.377- 380, 1980. [in 

Japanese) 

11) Fujii, M., Agawa, T., Hongo, T. and Miyahara, K., "Improvement of Ductility of 

Overreinforced Concrete Beams by Transversely Confining Reinforcement, " 

Proc. of JSCE, No.348N-1, pp.??-86, 1984. [in Japanese] 

12) Inoue, S., Hattori, A., Miyagawa, T., Fujii, M. and Kobayashi, K., "Application 

of Rectangular Hoop as Lateral Confinement for Concrete Beam Members,' 

CAJ Proceedings of Cement & Concrete, No.43, pp.340-345, 1989. 

13) Muguruma, H.; Watanabe, F., Fukai, S. and Nasu, T., "Fundamental Study on 

the Behavior of Class 3 Partially Prestressed Concrete Beam," Proc. of JCI 

2nd Conference, pp.381 - 384, 1980. [in Japanese] 

-94-

14) Inoue, S., Kobayashi, K. and Katsuno, Y., "Inelastic Deformation Properties of 

Partially Prestressed Concrete Beams under Reversed Cyclic Loading," Proc. 

of the 42nd Annual Conference of the JSCE, Vol.5, pp.232-233, 1987. [in 

Japanese] 

15) Inoue, S., Takahashi, K., lgo, Y., Miyagawa, T. and Fuj11, M., "Effects of 

Various Factors on the Accumulated Dissipated Energy of Concrete Beams 

under Reversed Cyclic Loading,' Proc. of the 45th Annual Conference of the 

JSCE, Vol.5, pp.674-675, 1990. [in Japanese] 

16) Muguruma, H., Watanabe, F .. Ogura, M. and Kontani, 0., 'On the Class 3 

Prestressed Concrete Members with High Strength Concrete, ' Proc. of JCI 5th 

Conference, pp.449-452, 1983. [in Japanese] 

17) Okada, K., Kobayashi, K. and Inoue, S., "Inelastic Behaviors of Post 

Tensioned Prestressed Beams with High-Strength Concrete under High­

Intensity Reversed Cyclic Loading," Proc. of International Symposium on 

Fundamental Theory of Reinforced and Prestressed Concrete, NanJing, Vo1.2, 

pp.847-854, 1986. 

18) Japan Society of Civil Engineers, "Standard Specification for Design and 

Construction of Concrete Structures," Part 1 [Des1gn], 1991. [in Japanese) 

19) Okada, K , Kobayashi, K., Kojima, T. and Hatamura, H., "Studies on Basic 

Properties of Unbonded Prestressed Concrete Beams," Journal of Japan 

Prestressed Concrete Engineering Association, Vol.24, No.3, pp.15 23, 1982. 

[in Japanese] 

20) Oishi, T., "The Loading Test of Prestressed Concrete Model Beams with 

Unbonded Tendons," Journal of Prestressed Concrete, Japan, Vol.27, No.1 , 

pp.91-1 09, 1985. [in Japanese] 

21) Muguruma, H., Watanabe, F. and Nishiyama, M. , "Flexural Strength of 

Unbonded Prestressed Concrete Members," Journal of Prestressed Concrete, 

Japan, Vo1.26, No.1, pp.10- 16, 1984. [in Japanese] 

22) Baker, A. L. L., "A Plastic Theory of Design for Ordinary Reinforced and 

Prestressed Concrete Including Moment Redistribution in Continuous 

Members, " Magazine of Concrete Research, Vo1.1, No.2, pp.S?- 6, 1949. 

23) Miyamoto, Y. and Iwasaki, 1., "Ultimate Flexural Strength of Prestressed 

Concrete Beams," Railway Technical Research Report, No.836, pp.1-25, 

1973. [in Japanese) 

24) Kobayashi, K. and Nieda, T. , "Flexural Behavior of Unbonded Prestressed 

Concrete Beams with Lateral Confinement by Rectangular Hoops," Proc. of 

-95-



the JCI, Vol.14, No.2, pp.565-570, 1992. [in Japanese] 

25) Mattock, A. H., Yamazaki, J. and Kattula, B. T., "Comparative Study of 

Prestressed Concrete Beams with and without Bond," Journal of the ACI, 

Vol.68, No.2, pp.116-125, 1971. 

26) Warwaruk, J., Sozen, M. and Siess, C. P., "Strength and Behavior in Flexure 

of Prestressed Concrete Beams," Bulletin No.464, Eng1neenng Experiment 

Station, University of Illinois, 1962. 

27) Architectural Institute of Japan, "Standard for Structural Design and 

Construction of Prestressed Concrete Structures," 1987. [in Japanese) 

28) Kobayashi, K., Inoue, S. and Matsumoto, T., Inelastic Behavior of Part1ally 

Prestressed Concrete under Reversed Cyclic Loadmg, ' Proc. of the 5th 

Canadian Conference on Earthquake Engineering, Ottawa, pp.841-848, 1987. 

29) New Zealand Concrete Design Code Committee, "Proposed Provisions for 

New Zealand Concrete Design Code, Chapter 22: Prestressed Concrete 

Members - Additional Seismic Requirements", 1976. 

30) Japan Society of Civil Engineers, "Standard Code for Prestressed Concrete", 

1978. [in Japanese) 

31) Blakeley, R. W. G. and Park, R., "Prestressed Concrete Sections with Cycl1c 

Flexure", Journal of the Structural Division, ASCE, Vo1.99, No.ST8, pp.1717-

1742, 1973. 

32) Okada, K., Kobayashi , K. and Inoue, S., "Inelastic Performance of Prestressed 

Concrete Beams under Cyclic Flexure," Proc. of the 8th World Conference on 

Earthquake Engineering, San Francisco, Voi.VI, pp.709-716, 1984. 

33) Okada, K., Kobayashi, K. , Miyagawa, T. and Inoue, S., "Inelastic Behaviors of 

Post-Tensioned Prestressed Concrete Beams," Review of the 38th General 

Meeting of CAJ, pp.386-389, 1984. 

34) FIP, "Report of the FIP Commission on Seismic Structures," Proc. of the 7th 

Congress of the FIP, New York, 1974. 

35) Blakeley, R. W. G and Park, R.: Seismic Resistance of Prestressed Concrete 

Beam-Column Assemblies, Journal of the ACI, Vol.68, No.9, 1971. 

36) Kvitsaridze, 0. I, et al.: Experimental Study of Prestressed Reinforced 

Concrete Elements of Antiseismic Buildings, Proc. the 6th World Conference 

on Earthquake Engineering, New Delhi, 1977. 

-96 

CHAPTER 5 

ENERGY DISSIPATION OF PARTIALLY PRESTRESSED 
CONCRETE BEAMS AND THEIR DAMAGE EVALUATION 

BASED ON DISSIPATED ENERGY 

5.1 GENERAL REMARKS 

Safety of concrete structures under earthquake loads is usually examined by 

means of deformation ductility of constituent members under unidirectional 

monotonous loads. Under reversed cyclic loads as experienced during 

earthquakes, however, ductility of concrete members is significantly reduced 

compared with that under monotonous loads. This implies that the damage of 

concrete members is accumulated during cyclic load reversals and that the degree 

of seismic damage of concrete structures is closely related to the hysteretic energy 

dissipation properties of their constituent members. From this viewpoint, some 

damage index considering both reduction in load carrying capacity due to load 

repetitions and hysteretic dissipated energy have been proposed in recent years [1, 
2]. 

However, energy dissipation properties of concrete members, which are very 

important when considering response and hysteretic damping of concrete structures 

during earthquakes, are affected by many factors, and their effects have not been 

made clear in quantitative sense. Therefore, it is necessary to make clear the 

effects of various factors quantitatively on the energy dissipation of constituent 

members of concrete structures in order to evaluate structural damage during 

earthquakes. 

As indicated in Chapter 4, partially prestressed concrete shows better 

inelastic deformation properties and ductility under reversed cyclic loading as 

experienced during earthquakes compared with those of reinforced concrete and 

fully prestressed concrete. However, its energy dissipation properties have not been 

so much dealt with in conjunction with seismic damage compared with reinforced 
concrete. 

In this chapter, the effects of various factors on the accumulation process of 

dissipated energy in partially prestressed concrete beams are discussed and a 

damage index based on the hysteretic dissipated energy is proposed. Energy 
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dissipation of remforced concrete beams, which tends to fail 1n shear under 

reversed cyclic loadmg, IS discussed in the next chapter. 

5.2 REVIEW OF PREVIOUS RESEARCH WORKS 

5.2.1 Energy DISSipation of Partially Prestressed Concrete Beams 

As indicated 1n Chapter 4, inelastic behavior of part1ally prestressed concrete 

1ncludmg energy diSSipation properties is influenced largely by the magnitude of 

Introduced prestress. In a quahtat1ve sense, some research works on the energy 

d1ssipat1on of partially prestressed concrete members have been reported. 

Muguruma et a1.(3] indicated that the area surrounded by each hysteresis 

loop became smaller w1th increas1ng magnitude of introduced prestress, resulting 1n 

smaller equivalent coefficient of dampmg especially at larger applied deflection 

amplitudes. 

01sh1 [4] reported that the load - def1ection hysteresis loops of partially 

prestressed concrete beam w1th i"=0.5 was more s1m1lar to that of reinforced 

concrete one than that of prestressed concrete one. 

The author (5] also reported that the energy d1ssipat1on at the same 

deflection amplitude decreased with ncreasing value of mechanical degree of 

prestress, and that the effects of transverse hoops on the energy dissipation were 

not remarkable before the deflection amplitude of approximately 4'\ (tV yield 

deflection) although became s1gn1f1cant after that deflection amplitude. 

Another researches dealing with the energy dissipation of partially 

prestressed concrete, for examples Ref.[6, 7]. have been reported. However, their 

results was almost the same as mentioned above and the effects of test variables 

were not made clear in a quantitative sense. 

5.2.2 Index for Evaluatmg Hysteretic Damage 

As ment1oned previously. se1smic damage of concrete members is usually 

evaluated by the ratro of the max1mum deformation under earthquake to the ult1mate 

deformation under monotonous loading. In recent years, however, new damage 

indexes cons1denng the hysteretic damage accumulation due to load repetitions 
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have been proposed. 

Park et al. (1] proposed the damage Index based on the statistical analys1s of 

many expenmental data on remforced concrete members, which is expressed as a 

linear function of the maximum deformation and the effect of repeated cyclic 

loading. 

Where, 

D: damage Index. 

oM: maximum deformation under earthquake. 

ou: ultimate deformation under monotonous loading. 

QY: calculated y1eld strength. 

dE: mcremental absorbed hysteretic energy. 

(5-1) 

jt non-negative parameter expressing the strength degradation per cycle. 

Under elastic response, the value of D should be zero, that IS, D=O means no 

damage. On the other hand, D 1 0 sigmf1es complete collapse or total damage. 

The calibration of th1s proposed damage index was done by us1ng the data of 

reinforced concrete build ngs which were damaged during past earthquakes [8]. In 

that report, the relationship between calculated damage mdex and observed 

seism1c damage was indicated for examples, D 0.4 means repa1rable damage and 

0>0.4 means unrepa1rable. 

On the other hand, Chung et al. [2] proposed another new damage mdex 

which combines a modified Miner's hypothesis with damage mod1f1ers that reflect 

the effect of loading history (cf. Fig.S-1). 

n · n-
• -'-) D =I(a .. -- + o. 

e I • N• • N 
I 

(5 2) 

Where, 

1: indicator of displacement or curvature level. 

M
1
-M1, 

N = : number of cycles to cause fa1lure at curvature evel 
~M 

M : moment at curvature level 1. 
I 
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t, 1.0 

Curvature Ratio, I = f/fr 

Fig.5-1 Definition of failure by Chung et al. (2] 

M
1
,: failure moment for given curvature level <!>,. 

~M,: strength drop due to one load cycle at curvature level i. 

n,: number of cycles actually applied at curvature level i. 

a,: damage modifier. 

+and -: indicators of loading sense. 

They also examined the accuracy of their proposed model by using many 

experimental results and indicated that the proposed model could simulate 

hysteretic response of reinforced concrete members. 

Another index for evaluating the damage of reinforced concrete members, 

called damage function based on the maximum response and accumulated damage 

theory due to low cycle fatigue, was also proposed by Stephens et al. [9]. 

5.3 EXPERIMENTAL PROCEDURES [5, 10-15] 

5.3.1 Specimens 

Specimens used for loading tests were partially prestressed concrete simple 

beams including fully prestressed concrete ones with a rectangular cross section of 

b x h = 10 x 20cm (b:width, h:full depth of section) and a total length of 160cm. As 

shown in Fig.5- 2, they were symmetrically reinforced with prestressing bars and 

non-prestressing deformed bars. All of these specimens were post-tensioned and 

grouted with cement paste of W/C=45%. They were provided with <j>6mm vertical 
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prestressing bar 

100 
80 

000 

I I I I I 
unit: mm 

Fig.5-2 Dimensions of specimens and details of cross section 

stirrups (f
5
y=49kgf/mm2) as web reinforcement in order to prevent premature shear 

failure in accordance with JSCE Standard Specification for Design and Construction 

of Reinforced Concrete Structures (16]. 

5.3.2 Test Variables 

As the factors having influences on energy dissipation properties, the 

following five test variables were selected. 

(1) Volumetric ratio of transverse hoops (p
5

) 

As transverse reinforcement arranged within the potential plastic hinge 
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reg1on, ¢6mm hoops (fsvr=49kgf/cm2) were used. p5 IS defmed as below. 

volume of one transverse hoop 
Ps= ---------------- x1 00 (%) 

volume of core concrete confined by 
one transverse hoop 

(5 3) 

In pnnciple, four levels of p
5
- value, that is, 0%, 0.63%, 1.25% and 2.50%, 

were adopted here. However, the actual values ranged from 0°o to 2.80% 1n the 

tested spec mens. 

(2) Mechan1cal degree of prestress (i.) 

Mechanical degree of prestress is defmed as below. 

Where, 

AP: area of prestressing steel. 

A
5

: area of non tensioned deformed bar. 

fPY: y1eld strength of prestressing steel. 

fsv· y1eld strength of non tens1oned deformed bar 

(5-4) 

As the value of i., three levels, that s, 0 4, 0 7 and 1.0 were selected. i.=1.0 

means fully prestressed concrete. However, this value becomes somewhat smaller 

cons1denng <D6mm m1ld bars used for set up of hoops and st~rrups. The value of i IS 

also affected by the actual y1eld strength of prestressmg steels and non tens1oned 

deformed bars. Therefore, the actual /..-values ranged from 0.43 to 0.94 in the 

tested beams. 

(3) Steelmdex (q) 

Stee mdex IS defmed as Eq.(5-5). 

(5 5) 
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Where, 

b: width of cross sect1on. 

dP: effective depth of prestressing steel. 

d
5

: effective depth of non-tensioned deformed bar. 

f'c: compressive strength of concrete. 

In the tested beams, the actual q values ranged from 0.216 to 0.445. 

(4) Compressive strength of concrete (f c) 

In almost all the specimens, design compressive strength of concrete was 

chosen as 400kgf cm2 . In some specimens, however, high strength concrete of 

f c=800kgf/cm 2 was used in order to mvest1gate the effect of concrete strength. 

(5) Shear span effective depth rat1o (aid) 

Many of the spec mens were tested under symmetrical two- po1nt load w1th 

shear span length of 60cm and flexural span length of 20cm. This corresponds to 

the shear span - effective depth ratio of approx mately 3.5. However, in order to 

1nvest1gate the effect of shear span - effective depth ratio, another levels of aid 
ratio, that is, approximately 2.9 (shear span length: 50cm, flexural span length: 

40cm) and 2.3 (shear span length: 40cm, flexural span length: 40cm) were also 

adopted. In this case, effective depth d IS defined as the depth of combined gravity 

center of prestressing steel and non tensioned deformed bars. Therefore, the 

actual a/d rat1o of the specimens moved from 2 33 to 3. 77. 

5.3.3 Loading Histories 

It is indicated that loading histones have large influences on the energy 

dissipation properties of reinforced concrete members [17). Therefore, four different 

loading histones were applied to the spec mens and the effects of the above test 

variables under different loading histories were 1nvest1gated Details of each load ng 

history are as follows. 

(1) Series-A 

Series-A is gradually increased reversed cyclic loading with one load 

reversals at each deflection amplitude. In this series, the applied deflection 
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(d) Series-D 

Fig.S-3 Applied loading histories 

amplitude was gradually increased such as oy, 2by, 3by, --- up to the 

deflection amplitude where the load carrying capacity was reduced to 80% of the 

maximum load (ou). 

(2) Series-B 

Series-B is gradually decreased reversed cyclic loading with one load 

reversals at each deflection amplitude, in which the applied deflection amplitude 

was gradually decreased from bu to oy. The sum of the applied deflection 

amplitude was adjusted to be equal to that of Series-A. 

(3) Series-C 

Series-C is the mixed type loading of Series-A and B, in which the applied 

deflection amplitude was firstly gradually increased up to bu and then gradually 

decreased . The sum'of the applied deflection amplitude of Series-C was also equal 

to that of Series-A 
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(4) Series-D 

Series-D is gradually increased reversed cyclic loading with ten load 

reversals at each deflection amplitude. This series was done in order to investigate 

the reduction of dissipated energy at the same deflection amplitude due to load 

repetition. 

These loading histories are shown schematically in Fig.5-3. After the 

prescribed loading sequences, all the beams were subjected to some additional 

loading cycles until failure. 

5.4 RESULTS OF TESTS AND DISCUSSIONS [5, 1 0-15] 

5.4.1 Definition of the Ultimate State and Non-dimensional Dissipated Energy 

It is necessary to define the ultimate state of members if the seismic damage 

of concrete structures is to be evaluated. In this chapter, the ultimate state of a 

member is defined as the point at which the load carrying capacity is reduced to 

80% of the maximum load. 

Dissipated energy at each deflection amplitude (Ed) is expressed by the area 

surrounded by each loop of load - deflection hysteresis. Among the beams with 

approximately the same flexural strength of section under the same loading 

condition, the values of Ed can be compared directly with one another. Dissipated 

energy itself, however, indicates significantly different values under different loading 

conditions even if the section is the same. Therefore, non-dimensional dissipated 

energy at each deflection amplitude (Ed') is defined in this study as follows, 

Ed 
Ed'=-----

pycal<\cal 

(5-6) 

Where, Pycal and oycal are the calculated yield load and yield deflection of each 

beam, respectively, in order to eliminate the effect of difference in the maximum 

load carrying capacity among the beams. 
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5.4.2 Effects of Test Vanables on the Energy DISSipation of Senes-A Beams 

{1) Effects of volumetnc rat1o of transverse hoops (p
5

) 

Fig.S-4 shows the effects of volumetnc ratio of transverse hoops (p5 ) on the 

energy d1ssipat1on of Series A beams, in which the honzontal axis indicates non­

dimensional applied deflection amplitude (b/bycal) and the vertical ax1s shows non­

dimensional dissipated energy (Ed') at each deflection amplitude. 

As seen m Fig.S 4, Ed value increases almost linearly w1th 1ncreasmg 

applied deflection amplitude within the range in which the applied deformation 1s 

relatively small and its increasing rat1o 1s almost the same :rrespect1ve of the p
5

-

value if the other test vanables are the same. Ed -value of the beam with a smaller 

p -value, however, stops 1ncreasmg or commences to decrease at a smaller 

deflection amplitude. Th1s 1s due to that the beam w1th a smaller p
5
-value showed a 

remarkable strength degradation at smaller deflection amplitude, resulting in a lower 

energy diSSipation after that. In other words, the po1nt from which the Ed' value 

does not increase linearly can be related to a remarkable strength reduction po1nt, 

that IS, the ultimate state of a beam. 

(2) Effects of mechanical degree of prestress (i.) 

F1g.S-S shows the effects of mechanical degree of prestress (A.) on Ed -

values. 

As seen 1n th1s f1gure, the Ed'-value at the same deflection amplitude 

becomes smaller With ncreas1ng A.-value. This 1s due to that, as prev1ously 
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Fig.S-6 Effects of fc on Ed'-value of 

Senes A beams (p
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reported, the area surrounded by each hysteres1s loop becomes smaller w1th 

1ncreas1ng ), value It is also ind1cated that the deflection amplitude at which the 

Ed -value stops increasing is smaller in the beam With a larger i.-value. This 

suggests that improving effect of energy dissipation by transverse hoops is affected 

by mechanical degree of prestress. 

(3) Effects of compressive strength of concrete (f c) 

F1g 5-6 shows the E
0 

-values of the beams w1th d1fferent compressive 

strength of concrete. 

The E0 value of the beam of f 400kgf. cm2 is somewhat larger than that of 

the beam of f'c-800kgf/cm2 compared at the same deflection amplitude However, 

the A.-value of the former is 0.43 and somewhat smaller than that of the latter, that 

is, 0.50. Therefore, considering the difference of i~-values of these two beams, the 

effect of compressive strength of concrete 1s supposed to be smaller compared with 

those of volumetnc ratio of transverse hoops and mechan1cal degree of prestress. 

(4) Effects of steelmdex (q) 

In Flg.S-7 is shown an example of the Ed'-values of the beams with different 

steel index, that is, q=0.257 and 0.434. 

As indicated in this figure, the Ect'-values of these two beams at the same 

deflection amplitude are almost equal. Therefore, the effects of steel Index on the 
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Fig.5-8 Effects of a/don Ed'-value of Series-A beams (p5=2.43%) 

non-dimensional dissipated energy can be considered to be negligible if the other 

test variables are the same. 

(5) Effects of shear span - effective depth ratio (a/d) 

In Fig 5-8 are shown the Ed'-values of the beams loaded under different ad 

rat1os. 

As 1nd1cated in F1g.S-8, the Ed -value at the same non-d1mens1onal 

deflection amplitude is almost the same irrespective of the a/d ratio. This result 

Implies that the effects of a/d rat1o on the non-dimensional diSSipated energy IS 

small if the beams are des1gned to fall 1n flexure even when loaded under a smaller 

atd rat1o w1th1n the range of 2.33-3.77 adopted 1n these tests. 
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5.4.3 Energy Dissipation Properties under Different Loading Histones 

From the results of Series-A tests. it can be observed that the effects of 

compressive strength of concrete, steel ndex and shear span effective rat1o on the 

accumulation process of non-dimensional dissipated energy are relatively small 

compared with those of volumetric ratio of lateral confinement and mechanical 

degree of prestress. Therefore, the accumulat on process of non- d.mens1onal 

dissipated energy until the ultimate state under different loading histones 1s 

discussed here mainly in the light of the effects of mechanical degree of prestress 

and volumetnc rat1o of latera confmement. 

(1) Series-A 

In Fig.S 9 are shown some examples of load deflection (P-b) hysteresis 

'oops of Seres A beams, and in Fig.S 10 are shown the relat1onsh1ps between 

non drmens1onal diss pated energy (Ed) and norma11zed applied deflection 

amplitude (b/bycal) of Senes-A beams, 1n which the calculated values denved from 

the regress1on analys1s as ment1oned below are also 1nd1cated. 

As prev1ously ment1oned, E,... -va~ue of each Senes-A beam Increases almost 

linearly with increas1ng applied deflect1on amplitude up to the ultimate state Th1s 1s 

ma1nly because larger energy 1s required for the occurrence of new cracks and their 

extension, debondmg between stee and concrete, elongation of steels at the 

cracks, and so on than that requ1red at prev1ous cycle under the gradually increased 

applied deflection amplitude. Considering this result, the relationship between Ed' 

and blbycal can be expressed by a linear function as shown below. 

(5 7) 

The relationships between coeff1c1ents et., 1~ and 1. are shown in F1g.S-11 (a) 

and (b), respectively. As indicated in these f1gures, coefficients cJ. and 1~ 1n Eq.(5-7) 

are supposed to be in linear function of A. although some scattenng of data 1s 

observed and can be expressed by Eq.(S 8) from the regression analysis of test 

data. 

CJ.=-2.43),+3.25, 1~=4.17/,-4.15 (0.43 ~i. 0.94) (5-8) 
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Ps -value scarcely affects the values of the coefficients ct.., 11 although the 

def1ect1on amplitude at the ultimate state (ou .s dependent on the p
5 

va1ue 

Fig.S-12 shows the relationship between measured and calculated E ' d 

values at each deflection amplitude for a total of 66 Series A beams. As indicated 

in F1g.S-1 0 and Fig.S-12, the calculated values denved from Eq.(5 7) and Eq (5 8) 

comcide well With the measured values. In some beams With larger i.-values, 

however, difference between measured and calculated Ed values tends to become 

larger in the range of larger deflection amplitudes near the ultimate state due to the 

Instability of dissipated energy. 
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(2) Series B 
Flg.S-13 shows some examples of P-o hysteresis loops of Senes-B beams 

and in F1g 5-14 are shown the relationships between Ed and o,oyeal of Senes B 

beams together with the calculated ones. In Series-B. Ed'-value is found to 

decrease almost quadratically when the applied deflection amplitude Js gradually 

decreased from ou. This JS because new cracks did not occur 1n the deflect1on 

amplitudes smaller than 1\ under gradually decreased applied deflection 

amplitudes, result1ng n smaller d.ss1pated energy than that of corresponding 

Senes-A beam compared at the same deflection amplitude. Therefore, the 

relationship between Ed' and b/byea. can be set as Eq.(S-9) 

0 
Ed'= y( )2 

0yeal 

(5-9) 

The value of the coeff1c1ent ,, is affected by /,-value and the maximum 

deflection amplitude appl ed at the first cycle (ornaJ Fig.S 15 shows the relationship 

between the coefficient y and omax'byeaJ· As JndJcated 1n this figure, y value 

decreases almost In Inverse proportiOn of ornax· oy .a. As for the beams tested the 

equations below were obtained from regression analysis of experimental data. 

y=1.494( 
0yea 

)+0.083 (for/ ... 0 46) (5 10) 
0max 

y-1 488( 
0yeal 

)+0.038 (for i.=0.71) (5-11) 
0max 

y 0.879( 
0yeal 

)+0.036 (for /.. 0.87) (5 12) 
0max 

Flg.S- 16 shows the comparison of the calculated Ed -values at each 

deflection amplitude, which were derived from Eq.(S-9)-(5-12) for a total of 19 

Senes-B beams w1th the measured ones. As seen m this f1gure, the calculated 

Ed -values coincide well w1th the measured one although scattenng of data is 

somewhat larger compared w1th the case of Series- A. As indicated in Fig.S-14, the 
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agreement between the calculated and measured values of the beams w1th i.=0.87 

is not so good compared wtth the cases of /.=0.46 and 0. 71. This is mainly due to 

that the relat1ve reduction ratio in Ed -values from the first cycle to the second one 

tends to become larger with increasing /.-values, while the quadrattc reductton 

process is assumed 1n the calculation irrespective of i. values. 

(3) Series C 

Fig.5 17 and Fig.5 18 show P-o and Ed'-b/oycal relationships of Series C 

beams, respectively. As indicated in Fig.S-18, Ed'-value of Series-C beams shows 

almost the same behavior as seen in Series-A beams during the deflection 

Increasing process. On the other hand, the behavior dunng the deflection 

decreasing process resembles that of Senes-B beams. In Flg.5 19 are compared 

the calculated Ed - values w1th the measured ones for the 9 Senes C beams. These 

values co1ncide well With each other. Therefore, Ed -value of Senes C beams can 

be expressed by the linear functton of o. oyca· within the deflection increas ng reg1on 

and by the quadratic function of u oyca w1thm the deflectton decreasing reg ton. 
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(4) Series-0 
In Fig.S-20 are shown some examples of load - deflection hysteresis loops 

of Series-0 beams. Fig.S-21 shows an example of the ratio of non-dimensional 

dissipated energy at the n-th cycle (Ed'(O(n))) of each deflection amplitude to that at 

the first cycle (Ed'(0(1 ))). Fig.S-22 also shows the ratio of non-dimensional 

dissipated energy at the first cycle of each deflection amplitude of Series-0 beams 

(Ed'(0(1 ))) to that of corresponding Series-A beams at the same deflection 

amplitude (Ed'(A)). 
As shown in Fig.S-21, Ed'-value at the same deflection amplitude decreases 

with increasing number of load repetition. At the deflection amplitude of by, Ed'­

value at the second cycle is reduced to 60-80% of that at the first cycle. After ten 

load repetitions, Ed'-value becomes 40-60% of that at the first cycle. 

Almost the same tendency can be observed at the deflection amplitude of 

2oy, although the reduction ratio after ten load repetitions is somewhat smaller 

compared with the case of oy. At the deflection amplitudes of more than 3oy, on the 

other hand, the reduction property in Ed'-values is somewhat different from that 

observed at oy and 2oy, in that the reduction in Ed'-value from the first cycle to the 

second one is very ·small and the total reduction ratio after ten load repetitions is at 

most 10%. 
The mechanism of these facts 1s supposed to be that the energy required to 
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cause the same deformation after the second cycle is small compared with that at 

the first cycle at smaller deflection amplitudes of less than 20 because there are y 

few extensive cracks at this stage and constituent materials are in the state of 

slightly beyond the1r elastic range. At the deflection amplitudes of more than 3oY, on 

the other hand, larger energy 1s required even after the second cycle because 

crushing of concrete and debonding between concrete and steels are accelerated 

by the repeated cycles, and energy 1s also dissipated by the fnction at the interface 

of extensive cracks, resulting in a smaller decreasing ratio of dissipated energy due 

to load repetitions. At the deflection amplitude near the ultimate state. for example, 

6by, Ed'-value beg1ns to decrease remarkably with repeated cycles. 

At the deflection amplitudes of more than 2oY up to the ultimate state, Ed'­

value of Series-0 beams at the f1rst cycle of each deflection amplitude 1s reduced to 

70-90% of that of corresponding Series-A beams at the same deflection amplitude. 

This implies that the energy dissipated at a certain deflection amplitude is 

influenced by the preceding road repetitions at smaller deflection amplitudes. 

From the above mentioned results, Ed-values of the beams subjected to 

reversed cyclic loading with 10 load repetitions at each deflection amplitude can be 

estimated as below. 

As mentioned previously, Ed'-values at the same deflection amplitude 

decrease with repeated cycles and its reduction ratio is affected by the applied 

deflection amplitude and repeated cycles. Therefore, 1t is assumed that the 

reduction ratio from the first cycle to the second one is the largest and then 

becomes smaller and constant from the second cycle to the tenth one. It is also 

assumed that Ed'-value of Series-0 beams at the first cycle of each deflection 

amplitude is reduced compared with that of corresponding Series-A beams with 

only one load repetition at each deflection amplitude. These reduction ratios were 

decided based on the experimental data of Series-0 beams. 

(a) In case of o=o y 

Ed'(0(1 ))=Ed'(A) 

0.2 
Ed'(O(n))=0.7Ed'(0(1 ))- -(n-2) 

8 
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(5-13) 

(5-14) 

(b) In case of o=2o y 

Ed (0(1 )) =0.83Ed'(A) 

0.1 
Ed'(O(n))=0.8Ed (0(1 ))- -(n- 2) 

8 

(c) In case of b 3oy 

Ed'(0(1 ))=0.83Ed'(A) 

Ed'(O(n))=0.95Ed (0(1 ))-

Where, 

0.05 

8 
(n- 2) 

(2 n 1 0) 

(2 n 1 O) 

Ed'(0(1 )): non-dimensional dissipated energy at the f1rst cycle of each 

deflection amplitude. 

(5 - 15) 

(5- 16} 

(5 17) 

(5 - 18) 

Ed'(O(n)): non- dimensional dissipated energy at the n-th cycle of each 

deflection amplitude. 

Ed'(A): non-dimensional dissipated energy of corresponding Series- A beam 

calculated from Eq.(5-7) and Eq.(5-8) at the same deflection 

amplitude. 

n: repeated cycles. 

Fig.S-23 shows the comparison of the calculated Ed-values with the 

measured ones. In Fig.5-24 are also shown the relationship between the measured 

and calculated Ed'-values for totally 29 Series-0 beams at all deflection amplitudes 

and repeated cycles. 

As shown in Fig.5- 23, calculated Ed'-values coincide well with the measured 

ones within the range of o ~ JoY' while tend to underestimate the measured values 

at the deflection amplitude of more than 46. This is mainly due to that Ed'-values of 

corresponding Series- A beam calculated from Eq.(5-7) and Eq.(5- 8) tend to be 

underestimated at larger deflection amplitudes as indicated in Fig.5-1 0. However, 

the difference between measured and calculated Ed'-values are relatively small as 

shown in Fig.S-24 and Ed'-values of Series- 0 beams can be well estimated by the 

above mentioned method. 
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Fig.5- 24 Relationship between measured and calculated 

Ed'-values of Series-D beams 
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Fig.5-25 Effects of loading histories on .LEd' (p
5
=2.43%) 

5.4.4 Accumulation Behavior of Non- dimensional Dissipated Energy 

Fig.5-25 shows the effect of loading histories on the accumulation process of 

non-dimensional dissipated energy until the ultimate state. 

The effect of loading histories on the non-dimensional total dissipated 

energy until the ultimate state (L:Ed'ult) is different according to A.-value. In case of 

/,=0.46, the value of l:Ed'ult becomes approximately 15% smaller under gradually 

decreased cyclic loading as Series-B test than that under gradually increased one 

as Series-A. In Series-B tests, a relatively large deflection amplitude was applied 

at the first cycle of loading. Therefore, large diagonal cracks were extended at the 

first cycle in the beams with smaller prestress, for example, A-=0.46. These cracks 

remained open even at unloading, resulting in the pinching effect in P-b hysteresis 

loop and reduction in dissipated energy. While in the beams with higher A.-values 

(A-=0.71 and 0.87), remarkable differences according to the loading histories cannot 

be observed. In these cases, significant diagonal cracks did not occur even at a 

large deflection amplitude and restoring performance of cracks was well due to the 

effectiveness of higher introduced prestress. From these results, the effect of 

loading histories on the accumulation behavior of dissipated energy in partiaHy 

prestressed concrete beams is supposed to become smaller with increasing A.­

value. 
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5.4.5 Non dtmenstonal Total Dissipated Energy until the Ultimate State 

In Fig.S-26 and Fig.S-27 are shown the effects of mechan cal degree of 

prestress (i.) and volumetric ratio of transverse hoops (p5) on the non-dtmenstonal 

total dissipated energy until the ultimate state (~Ed'u11 ) :n Senes-A beams, 

respectively. The value of 2:Ed ult decreases with increasing A-value and can be 

assumed to be almost 1n inverse proportion to A-values when J.>5 -value is constant. 

On the other hand, .LEd'ult value increases with increasing p5-value, and quadratic 

funct1on can be assumed between 2:Ed ult and p
5 

under a constant /,-value. It is also 

found that the effectiveness of transverse hoops on the Improvement of energy 

dtss1pation properties 1s dependent on i.-value. From these results, .LEd 0,1 -value 

can be expressed by Eq (5 19). 

YE I 

- d ult 
(5 19) 

The values of the coefficients, a, b, c and d should be esttmated separately 

for Series A beams and Senes D beams, respectively, because .LEd u 1 -values of 

Senes 0 beams are substantially different from those of Series-A beams due to 

ten load repetitions at each deflection amplitude, resulting 1n larger .LEd ult -values. 

On the other hand, 'the values of these coefficients estimated for Series- A beams 

are supposed to be applicable to Series-8 and Series-C beams because the total 

disstpated energy until the ulttmate state is not remarkably different among Series-
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A 8 and C beams although ~Ed'"'' value of Senes-8 beam 1s a Itt e smaller 
compared with that of Series-A and Serres C beam. 

As for the coefficients, a. b, c and d, for Serres A beams, the following 

values were obtained from the regress1on analysis of test results. 

a= 5.52, b-32.48, c=7.44, d· 35.20 

(Standard deviation of .LEd 011 was 13 52.) 

On the other hand, the values of these coeff1c1ents for Senes- 0 beams were 
estimated as below from experrmental data. 

a--29.39, b-45.69, c=30.28, d- 46.44 

(Standard deviation of rEd'utt was 24.01.) 

Each calculated value of the non-dimensional total d ssipated energy until 

the ult:mate state obtained from Eq.(S-19) (I Ed ult lea ) s indicated together With the 

measured one (2:Ed u.t mea ) in F1g 5 28 and Fig.S-29 for Serres A and Series D 

beams, respectively. As seen in these ftgures, .tEd ult values are supposed to be 

estimated to a certarn extent. However, the difference between the measured and 

the calculated L:Ed'utt -values is relatively large in Series A beams as indicated in 

the value of standard deviation of 13.52. Thts is mainly due to that only the effects 

of volumetnc ratto of transverse hoops and mechan1ca degree of prestress are 

considered rn the calculation processes and also that the ult1mate state def1ned 1n 

this study does not always represent the real ultimate state of each spec1men 

On the other hand, in F1g.S 30-(a)-(d) are shown the relationship between 

~Ed'ult (mea) values and I{Ed cal)ult -values of Series-A, 8, C and D beams 

respectively, in which the .L(Ed'cal)ult is expressed by the sum of the calculated Ed' 

value (Ed'cal) at each deflection amplitude derived from Eq.(S 7) Eq.(S-18) up to 

the ultimate state of each specimens. In these cases, I(Ed cal)u
11 

- values coincide 

very well with the corresponding .LEd ult (mea -values This implies that non 

dtmensional total d1ss1pated energy until the ultimate state can be wei estimated by 

using Eq.(S 7)-Eq. (5-18) 1f the loading htstory until the ultimate state is given. 
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5.5 DAMAGE EVALUATION BASED ON HYSTERETIC DISSIPATED ENERGY 

[15, 18] 

5.5.1 Concept of Damage Index Based on Hysteretic Dissipated Energy 

If the degree of seismic damage of concrete structures or members under 

earthquake loads can be expressed numerically, it Will be a critenon for repa1r and 

strengthening of damaged concrete structures or membe!rs. As for the mdex 

representing the se1sm1c damage, for example, damage mdex proposed by Park et 

al. [1] 1s well known. Here 1s discussed the possibility of the evaluation of se1smic 

damage based on hysteretic dissipated energy. 

Here, the damage index (DI) in this study is defined as Eq.(5-20}. DI=O 

represents no damage and Dl=1.0 means that a member reaches 1ts ultimate state, 

for example in this study, when the load carrying capacity at given deflect1on 

amplitude reduces to 80% of the maximum ultimate load. 

rEd 
Dl=---- (5-20) 

Where, rEd'ult IS the non-dimensional total energy which can be dissipated 

by a member until the ultimate state under a given loading history, and rEd' 1s the 

accumulated non-dimensional energy dissipated actually du1ring the loading. 

5.5.2 Application to Experimental Results 

IEd'-value of a member can be calculated from its load - deflection 

hysteresis loops obtained during loading sequence. Even in the case without P-0 

hysteresis loops, 1t can be calculated from Eq.(5-7)-Eq. (5-18} if the history of 

applied deflection amplitude is given, for example, by response analysis. As for the 

value of rEd ult, on the other hand, it is very difficult to estimate a true and accurate 

value of each member because rEd'ult -value of a member is affected by too many 

factors and will be different according to the applied loading histories as mentioned 

previously. Howeve·r, the approximate value of Dl can be obtained if the IEd'u11 -

value of a member can be estimated with a certain accuracy. 

Considering that the IEd'u11-values of Series-Band Series-C beams are 
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almost equal to those of Series-A ones, rEd'ult (call-values obtained from Eq.(5-19} 

for Series-A beams can replace the real IEd'ult -values of Series-A, B and C 

beams. As for Series-D beams, on the other hand, IEd' 1 1 
-values obtained from u t.(ca) 

Eq.(5-19) by using different values of coefficients from Series-A should be used. 

Dl-value for each beam at the respective ultimate state was calculated by 

using Eq.(5-20) by replacing IEd'ult with IEd'ull(cal) obtained from Eq.(5-19). In 

Fig.5-31 are shown the results. As shown in this figure, a high degree of scattering 

(C.O.V.=0.454) in Dl-value at the ultimate state is observed, which is almost the 

same or somewhat smaller compared with that observed in Park's Damage Index 

(C.O.Vs0.5) [1]. This is mainly due to the high uncertainty in the definition of the 

ultimate state under reversed cyclic loading and in the effects of test variables. 

In Fig.5-32 are shown some examples of the changes of Dl during loading 

tests. In Series-A, the degree of damage is small at an early stage of loading and 

the increasing ratio of the accumulated damage becomes larger with increasing 

applied deflection amplitude. In Series-B. on the other hand, the beams are 

damaged significantly by the first cycle. After that, however, the increasing ratio of 

the accumulated damage becomes smaller. In Series-D beams, damage 1s 

accumulated by ten load repetitions at each deflection amplitude, resulting in 

reaching its ultimate state at a smaller deflection amplitude compared with the 
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corresponding Series-A beam. In case of the beams with )~.=0.87, 0 1-value does 

not reach 1.0 even at the end of loading. This is due to that the value of ~Ed ult (cil 1 

calculated by Eq.(5-19) may be larger than the actual value. 

As prev1ously mentioned non-dimensiona total dissipated energy unt1l the 

ult1mate state 1s affected by not only the test vartables adoptHd in th1s study but also 

some other factors. Therefore, further 1nvest1gations on the energy dissipation 

properties should be necessary 1n order to establish the evaluation method for 

seismic damage of concrete structures based on hysteretic chss1pated energy. 

5.6 CONCLUSIONS OF CHAPTER 5 

In th1s chapter, the effects of vanous test vartables on the energy dissipation 

properties of partially prestressed concrete beams Including ord1nary prestressed 

concrete ones are investigated. In addition, an example of damage 1ndex based on 

hysteretic dissipated energy is proposed based on the experimental results. Matn 

conclusions obtained 1n this chapter are as follows. 

(1) Energy d1ssipat1on properties of partially prestressed concrete beams are 

affected ma1nly by volumetnc rat1o of transverse hoops and mechanical degree of 

prestress. The effects of compressive strength of concrete. longitudinal steel tndex 

and shear span effective depth rat1o are relatively small compared with those of 

volumetric ratio of transverse hoops and mechanical degree of prestress. 

(2) Non dimensional diSSipated energy, wh1ch IS normalized by the product of 
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calculated y1eld load and y1eld deflection, of partially prestressed concrete beams 1s 

a1so nfluenced by the applied load1ng histories. The value of non-d mensional 

dissipated energy at each deflection amplitude can be expressed by a linear 

function of the applied deflection amplitude w1th1n the deflection mcreas1ng process, 

and by a quadratic one within the deflection decreasmg process. The value of the 

coefficients in these functions are dependent mainly on the value of mechanical 

degree of prestress. 

(3) Non-dimensional diss,pated energy at the same deflection amplitude decreases 

with repeated cycles Its decreasing rat1o s affected by the appl ed deflection 

amplitude and number of repeated cycles. 

(4) Non d1mens1onal d1ss1pated energy of partially prestressed concrete beams at 

any deflection amplitude before the ultimate state can be well estimated by the 

methods indicated in this chapter. 

(5) The value of non-dimensional total dissipated energy until the ultimate state is 

almost equal 1f the sum of the applied deflection amplitude 1s the same, although 1t 

tends to be somewhat smaller 1n case of smaller mechanical degree of prestress 

under gradually decreased deflection type 1oadmg as Series-B. 

(6) Non dimensional total dissipated energy until the ultimate state of partially 

prestressed concrete beams increases w1th 1ncreasmg volumetrtc ratio of transverse 

hoops, while it decreases with increasing mechanical degree of prestress. Non 

dimensional total dissipated energy until the ultimate state can be estimated to a 

certa1n extent by a function of mechanical degree of prestress and volumetnc ratio 

of transverse hoops. 

(7) Degree of damage of partially prestressed concrete beams under reversed 

cyclic load1ng can be expressed quant1tat1vely by the damage :ndex based on the 

hysteretic dissipated energy as ind1cated 1n this study. However, further 

1nvestigat1ons on the accumulation process of dissipated energy are necessary for 

more accurate evaluation of seismic damage of concrete structures. 
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CHAPTER 6 

ENERGY DISSIPATION OF REINFORCED CONCRETE 
BEAMS AND THEIR DAMAGE EVALUATION 

BASED ON DISSIPATED ENERGY 

6.1 GENERAL REMARKS 

The evaluation of se1sm1c damage of concrete structures is very important in 

order to take early countermeasures, such as repair and strengthening, for the 

deteriorated structures after severe earthquakes. The degree of se1smic damages 1n 

concrete structures is related closely to the maximum response deformation and 

hysteretic dissipated energy of their constituent members In case of cyclic loading, 

as experienced during earthquakes, however, the latter seems to be more 

predominant. From this reason, 1t is essential to make clear the accumulating 

process of dissipated energy under reversed cyclic loads in order to make an 

accurate evaluation of seismic damages m concrete structures. 

From th1s view pomt, energy diSSipation properties of partially prestressed 

concrete beams were investigated in Chapter 5 and the accumulating process of 

d1ss1pated energy under different loading histories was made clear in quantitative 

sense. 

As for the reinforced concrete beams, however, the1r final failure mode under 

reversed cyclic loading tends to be different from that of partially prestressed 

concrete beams. Reinforced concrete beams tend to fail in shear after y1elding of 

longitudinal steels due to remarkable reduction in concrete shear resistance caused 

by many load reversals and repetitions even if they are designed to fail in flexure 

under unidirectional monotonous loads. On the other hand, partially prestressed 

concrete ones fail in flexure as designed even under reversed cyclic loading due to 

the effectiveness of introduced prestress which contributes to the increase in shear 

resistance of concrete. 

These facts suggest that influencing factors on the energy d1ssipat1on 

properties of reinforced concrete members are somewhat different from those of 

Partially prestressed concrete ones. Therefore, the effects of different factors from 

those considered in case of partially prestressed concrete members should be 

made clear in order to evaluate seismic damage of reinforced concrete members 
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based on hysterettc dissipated energy. 

In this chapter investigations are done on the effects of longttudtnal 

reinforcement ratto and shear retnforcement ratto on the energy dtssipatton 

properttes of reinforced concrete beams under different loading htstones. In 

additton, the tdea of damage :ndex ndicated n Chapter 5 ts also applted to the 

expenmental results of reinforced concrete beam specimens. and 113 scale bridge 

pier model specimens. From these results. applicability of the proposed damage 

index is discussed. 

6.2 REVIEW OF PREVIOUS RESEARCH WORKS 

6.2.1 Energy Dtssipation of Reinforced Concrete Members 

In order to use hysterettc dissipated energy as an tndicator of seismtc 

damage of concrete structures, the total dissipated energy must somehow be 

normalized so as to compare the results from different test specimens. 

As tndtcated tn Chapter 5, there have been few researches which dealt with 

the energy dissipation properties of remforced concrete members in a quantttative 

sense. 

Darwin et al. (1] normalized the energy dissipatton capactty of a member with 

respect to the elasttc energy stored in the member at yielding. Thts normalized 

value is expressed by Energy Disstpation Index defined as below. 

E 
D.;;;;;--------

0.5P y '\[1 +(A'/As)2] 

Where, 

D
1
: Energy Disstpation Index. 

P Y: yield load in the strong direction under reversed load. 

\ yteld deflection in the strong direction. 

As area of retnforctng steeltn the strong direction. 

As area of reinforcing steel in the weak dtrection. 

E· total energy disstpated by a member during loading. 

(6-1) 

In case of As-As, D represents the same meanmg as rEd ult adopted 1n 
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Chapter 5. 

In general, longitudinal remforcement ratto, transverse remforcement ratto, 

compresstve strength of concrete, shear span - effective depth ratio, arrangement 

of ongttudinal and transverse reinforcement axtal force, loading htstones, loadmg 

rate. and so on are considered as the factors having influences on energy 
d'sstpation of remforced concrete members. 

Darwm et al. [1 I also lndtcated that D -value of reinforced concrete members 

were mainly Influenced by three factors, whtch are maxtmum applied shear stress, 

concrete strength and transverse steel capacity They proposed the followtng 

equation representtng the relationship between D.-value and these three factors 
from the analysis of the dtfferent expenmental data [2-7]. 

Where, 

vm: maxtmum shear stress (=Vm,bd). 

vs: nomtnal shear stress provided by shear remforcement (-Awfwy/bs). 
V m: maxtmum shear force. 

b: width of web 

d: effective depth. 

~: area of sttrrup. 

fwy: yield strength of stirrup. 

s: spacing of stirrups. 

f'c: compressive strength of concrete. 

(6 2) 

They recommended a value of D
1
• 35 for reinforced concrete members in 

order to provide adequate performance under cyclic loading. 

. Uomoto et al. [8] indtcated that the accumulative disstpated energy of 

reinforced concrete beams up to rupture of longitudinal steel showed almost the 

same value irrespective of applied deflection amplitude and deformation hlstones tf 
the failure mode was the same among the specimens. 

On the other hand, Kawashima et al. [9] reported the effects of applied 

oad1ng history on the total d1ss1pated energy of reinforced concrete bndge pier 

model specimens. They tnd1cated that the total dissipated energy under gradually 

decreased deformatton type load1ng became approxtmately 15% smaller than that 
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under gradually increased deformation type loading as usually done in laboratories. 

These results suggest the possibility of damage evaluation based on 

hysteretic diSSipated energy although the effects of vanous factors should be 

considered 

6.2.2 Assessment of Seismic Damage Usmg Damage lndexe~s 

Some results have been reported as for damage assessment of reinforced 

concrete structures and members using damage mdexes proposed in recent years. 

Park et al. [1 0] related the calculated value of their damage 1ndex to the 

observed se1smic damage during past earthquakes. They divided the degree of 

damage into five classes, that is, slight, minor, moderate, se1vere and collapse, and 

indicated that the repairable limit of structures is D 0.4 (moderately damaged). 

Stephens et al. [11] also related the value of their damage function and 

Park's damage index to the observed damage of small scale model structures. In 

this report, relationship between four types of descnpt1ve damage, that IS, safe. 

slightly damaged, damaged and critically damaged, and each calculated damage 

function and damage index was mvestigated. The results showed that both of 

Stephens damage function and Parks damage mdex. correlated well with 

descnpt1ve damage although considerable scattenng was observed at higher 

damage levels, especially at the level of critical damage. 

These researches indicated that these damage mdexes could be reasonable 

and potentially effect1ve measures of the damage conditions of reinforced concrete 

structures. However, 1t was also indicated that the available data were considered to 

be insufficient to reliably determine the correlation between these damage Indexes 

and damage state. 

6.3 EXPERIMENTAL PROCEDURES [12] 

6.3.1 Specimens and Test Variables 

Spec1mens tested are remforced concrete beams having a rectangular cross 

sect1on of w1dth x full depth = 10 x 20cm and a total length - 160cm as shown In 

Fig.6-1. Three levels of longitUdinal reinforcement rat1o (p), 1.43, 2.26 and 3.28°<>. 
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Fig 6 1 Dimensions of tested beams 

and three levels of shear reinforcement ratio (p), 0.63, 0.95 and 1.26%, were 

se ected The reason to select shear reinforcement ratio as a test variable instead of 

volumetric rat1o of lateral confinement IS that the final failure mode of reinforced 

concrete members under reversed cyclic oadmg 1s affected by the shear resistance 

of concrete rather than the compressive ductility of concrete. The value of 

Pw=0.63o/o corresponds to the minimum required one prescnbed in JSCE Standard 

Specification for Design and Construction of Concrete Structures [13]. Compressive 

strength of concrete (f'c) was 400kgf/cm2 for all of the specimens. The yield strength 

of longitudinal bars and stirrups was approximately 35kgf/mm2 and 50kgf/mm2 , 

respectively. 

6.3.2 Loading Histories 

All of the beams were simply supported and loaded under symmetncal two­

point load with a/d=3 4 (a: shear span length, d: effective depth). Two types of 

loading histories were adopted. The one (Senes-A) was reversed cyclic loading 

With each one load reversal at gradually increased deflection amplitude of b , y 
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negat1ve negat1ve 

(a) Senes-A (b) Senes-B 

F1g.6 2 Applied loading h1stones 

2~ 3() ·-- (o · yteld deflectton). The other (Series-B) had five load reversals Vy• Y' y· 
at each gradually increased deflection amplitude. These oading histones are 

schematically shown 1n Fig.6-2. 

6.4 RESULTS OF TESTS AND DISCUSSIONS [12] 

6.4.1 Definltton of the Ultimate State and Non-dimensional Dissipated Energy 

It 1s necessary to def1ne the ultimate state of membms when the seismic 

damage of concrete structures should be evaluated. In this chapter, the same 

ultimate state as defned in Chapter 5 is adopted, that IS, the pornt at wh1ch the 

reduction in load carryrng capac1ty from the max1mum load mached to 20°'o of the 

max1mum load. 

Non d1mens1onal dissipated energy at each deflection amplitude (Ed') as 

defrned 1n Chapter 5 1s also used rn this chapter in order to eliminate the effect of 

difference 1n the maximum load carry1ng capac1ty among each specimen. Non 

dimensional total d1ss1pated energy until the ult1mate state (L Ed'ult) was calculated 

by summ1ng each Ed value up to the ultimate state. In t.h1s case, the energy 

diSSipated w1th1n the cycle at which the member reached its ultimate state is 

ncluded rn the ~Eo'utt -value. 
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6.4.2 Energy Dissipation 1n Series- A Beams 

In Fig.6-3 are shown some examples of load deflection hysteresis loops of 

Series A beams. In addition, in Fig.6 4 are shown some examples of non 

dimensional dissipated energy (Ed') at each deflection amplitude. 

Ed - value increases almost linearly with increas1ng deflection amplitude until 

the ultimate state, where the Ed-value begins to decrease. The increasrng ratio of 

the Ed' value is influenced by the longitudinal reinforcement ratio, p, and It becomes 

smaller with increasing p- value, while the effect of the shear reinforcement rat1o 1s 
not s1gn1ficant. 

All of the beams tested failed finally in shear after y1eldrng of longitudinal 

steels caused by significant reduction in shear resistance due to load reversals and 

repetition well into inelastic range. The deflection amplitude at which the Ed' value 

beg1ns to decrease becomes larger With Increasing shear reinforcement rat1o, Pw· In 

other words, shear rernforcement ratio determines the deflection amplitude at the 

ultimate state of reinforced concrete members subjected to load reversals well rnto 

the post-elastic range, as volumetric ratio of transverse hoops for lateral 

confinement does in case of partially prestressed concrete members. These facts 

imply that the predominant factor which determines the ultimate state of a member 
ts different according to 1ts ultimate failure mode. 

6.4.3 Energy Dissipation in Series- B Beams 

Fig.6- 5 shows some examples of load - deflection hysteresis loops of 

Series- B beams. In Senes- B, the energy dissipated rn the first cycle at each 

deflection amplitude is affected by the previous load cycles. The ratio of 

Ed'(B(1 ))/Ed'(A), where Ed'(B(1 )) is non dimensional energy dissipated at the first 

cycle at each deflection amplitude in Senes-B beams and Ed (A) s non­

dimensional energy d1ss1pated in the corresponding deflection amplitude of Senes­

A beams, decreases approximately linearly w1th increasrng deflection amplitude as 

seen in Fig.6-6, although scattering exists in the experimental data. This 

decreasing ratio is affected by the shear reinforcement rat1o and becomes larger 

With decreasing Pw value. In this case, the effect of long1tudrnal reinforcement rat1o 
s not Significant. 

From these results, the following equatton representing the relat1onsh1p 
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between Ed (8(1 )) and Ed (A). wh1ch is a function of shear reinforcement ratio and 

applied deflection amplitude, was obtained. 

Ed(B(1)) b 
----1 [lJ(-)-1] (6-3) 

Ed'(A) by 

Where b 1s more than by and lJ is a parameter affected by shear reinforcement ratio. 

In this study, lJ 0. 112, 0.082 and 0.056 was obtained for Pw-0.63, 0.95 and 

1.26%, respectively. 

On the other hand, the energy dissipated in each cycle at the same 

deflection amplitude of Series B beams is affected by the number of repeated 

cycles (n). and the ratio of Ed'(B(n))/Ed'(B(1)), where Ed'(B(n);l 1s non dimensional 

dissipated energy 1n the n th cycle at each deflection amplitude, decreases w1th 

1ncreasmg n value as shown 1n F1g.6-?. Th1s decreasmg rat1o 1s mfluenced by the 

g1ven deflection amplitude. At the deflection amplitude of b-b~, the Ed value at the 

fifth cycle reduces to approximately 20°'o of that at the f rst cycle. At the deflect1on 

amplitude of more than 2bY, on the other hand, the Ed'-value at the fifth cycle 

reduces to at most 80°o of that at the first cycle. In this case. the effects of 
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Fig.6 8 Comparison between the measured and calculated Ed' values 

(Series-B. p=1.43%, Pw=1.26%) 

longitudinal reinforcement ratio and shear reinforcement ratio are not significant. 

From these results, the relationship between Ed'(B(n)) and Ed (8(1 )). wh1ch is 

g1ven as a funct1on of the number of the repeated cycles, were obtained as below. 

Ed (B(n)) n-1 
::.1 0.8 

Ed (8(1 )) 4 
(6 4) 

n-1 
= 1-0.2 (6 5) 

4 

Where, n is the number of load repetitions not more than 5 at each deflection 

amplitude. 

Fig.6-8 shows an example of the comparison between the measured and 

the calculated Ed'-values of a Senes-8 beam, where the latter is obtained from 

Eq.(6-3) to Eq.(6 5) us1ng the Ed -values of the corresponding Series A beam. 

Th1s figure md1cates that the Ed -values in Series-8 beams can be well estimated 

by using the proposed equat1ons ·f the energy dissipation properties under the 

fundamental load1ng process, 1n this case such as Senes-A, 1s g1ven. 
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6.4.4 Total Dissipated Energy until the Ultimate State 1:Ed'ult - values 

Flg.6- 9 and F1g.6- 1 0 show the effects of the longitudmal reinforcement ratio 

and the shear reinforcement rat1o on the non-d1mens1onal total d1ss1pated energy 

until the ultimate state (rEd ult) of Senes-A beams, respectively. 

rE ' value decreases with increasing p-value, while 1ts decreas1ng rat1o d ult 
reduces with 1ncreas1ng p-value. On the other hand, LEd u•t -value mcreases w1th 

increasing Pw -value, although its increasmg ratio decreases with Pw value. These 

tendencies are also observed 1n Senes-B beams. From these results, the equat1on 

representing the rEd ult - values of the beams is proposed as Eq.(6 6) assuming 

that rE ' - values are in inverse proportion to longitudinal na1nforcement ratio and d ult 
expressed by a logarithmic function of shear reinforcement ratio. 

1 ln(1 +Pw) 
~Ed'ult - a ~ln(1 +Pw)+b-1<(--)+c* +d (6-6) 

p p 

Where, p and Pw are m percent, and a, b, c and d are expenrnental coefficients. 

From the regress1on analysis of the expenmental d.ata, the values of the 

coefficients were obtamed as a=44.54, b=123.27, c=266 89 and d..;;.-69.89 for 

Senes A beams and a 449.50, b=205.93, c=-116. 78 and d=-171 .35 for Senes- 8 

beams. The rEd u1t values calculated by Eq. (6- 6) are! compared w1th the 
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measured ones in F1g.6 11. This figure Indicates that the LEd'-values of Series-A 

and Senes B beams can be well estimated by the proposed equat1on, although the 

number of used data 1s small. 

6.5 DAMAGE EVALUATION OF REINFORCED CONCRETE MEMBERS [12] 

6.5.1 Concept of Damage Index 

As mentioned in Chapter 5, the degree of damage of a reinforced concrete 

member can be estimated by comparing the actual dissipated energy under a real 

earthquake with the total dissipated energy until the ultimate state. However, the 

~Ed ult -value of a member IS essentially different according to the loading histories 

as seen 1n th1s study. In Chapter 5, therefore, hysteretic damage of a partially 

prestressed concrete member was evaluated by us1ng respective rEd ult value 

correspondmg to each loading history. However, that idea needs the estimation cf 

several rEd ult -values corresponding to different loadmg h1stones and is not rational 

n a sense. From these reasons, the fol owing assumption 1s mtroduced in order to 

evaluate the damage of a member subjected to different loading histones as 
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adopted m Senes- A and B. 
When a member 1s subjected to more than two loading cycles at the same 

deflection amplitude, the real damage of the member after the second loading cycle 

is assumed to decrease with increasing loading cycles (n). If the damage of a 

member can be represented by the non-d mens1onal d1ss1pated energy, the above 

assumption can be expressed by the followmg equations 

(6-7) 

1 1+n(r,:- 1) 
f(n)= -- * ---- (6-8) 

n " 

Where, E/(n) is the modified non- dimensional dissipated energy at the n-th 

1oad1ng cycle of the same deflection amplitude, f(n) IS the damage reducing factor 

for the n th cycle and K IS an experimental coefficient. 

Here, the 1ndex evaluating the seismic damage is defined as 

1:Ed"(n) 
Dl=---- (6-9) 

where rE ' (A) is the non-dimensional total dissipated enmgy until the ultimate 
• d ult 

state under a basic loading history, for example, gradually increased cyclic loading 

with one load repetition at each deflection amplitude adopted in Series-A 

Based on the above mentioned idea, the degree of damage of a member 

subjected to several load repetitions at the same deflection amplitude can be 

estimated by using Eq.(6-7}-Eq.(6-9) if the non-dimensional total dissipated 

energy until the ultimate state under a fundamental loading hi:story, such as Series­

A, s already known. 

6.5.2 App 1cation to Expenmental Results 

Damage index, Dl, of Series-A and Series-B beams at each deflection 

amp'·tude was est1mated by using Eq.(6-7}-(6-9). In th1s case, Eq.(6-6} was used 

for calculating the value of !:Ed'ult. (A) in Eq.(6-9}. 
As for the value of the coefficient K, K=1.1 for p=2.26% and K=1.9 for 
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Fig.6- 12 Example of the changes of Dl (p=1.43%, Pw 1.26%} 

p 1.43% was obtamed m this study cons1denng that the value of Dl became 1.0 at 

the ultimate state of each specimen. 

An example of the changes of Dl in Series-A and Series B beams is shown 

in Fig.6-12. It 1s indicated that the damage of the beams subJected to many load 

repetitions at the same deflection amplitude as Series-B in this study can be well 

estimated by the proposed method and that Senes- B beams fa1led at smaller 

deflection amplitude than Series A beams due to many load repetitions at each 

deflection amplitude. 

6.5.3 Application to 1/3 Scale Bridge Pier Model Specimens 

The proposed concept of damage index based on hysteretic dissipated 

energy was applied to the test results of 1/3 scale bridge pier model specimens 

conducted at Hanshin Expressway Public Corporation [1 4]. 

(1) Details of specimen and loading method 

The s1ze of the spec1mens (No.1 and No.2) 1s shown m F1g.6-13. They had a 

same rectangular cross section of width x full depth - 116.7 x 100 em and a total 

he1ght of 480 em. The dimensions of th1s specimen were reduced precisely to 1/3 

scale of those of standard bndge pier designed at Hanshin Expressway Public 

Corporation according to the law of similitude in order to eliminate the size effect. 
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unit mm 

Longitudinal reinforcement ratio of the specimen was 2.28% and reinforcing bars 

were arranged with three layers. No.1 specimen had a cut-off of long1tud1nal steel 

at the height of 216 em, wh1le No.2 at the height of 123 em from the face of footing. 

On the other hand, shear remforcement ratio was 0 326°1o 1rrespect1ve of the 

spec1mens. Compressive strength of concrete was 283kgf/cm2 and the y1eld 

strength of 1ongrtudmal steel and transverse steel was 38 3kgf mm2 and 

32.4kgf mm2 , respectively. 

These specimens were subJected to reversed cycl1c honzontal loads at the 

height of 450cm from the face of foot1ng. The applied deflection amplitude was 

gradually Increased as oy, 2oy, 3oy, --- and ten load repetitions was applied at 

each deflection amplitude. During the loading test, constant ax1al force of 160tonf 

(u=13.7kgf/cm2) corresponding to the dead load of superstructures was prov1ded 

by four unbonded prestressing bars. 

(2) Summary of test results 

In F g.6-14 are shown the load- deflection hysteresis loops of the 

specimens No 1 and No 2. In add1t1on, ·n F1g.6-15 are shown the1r fmal failure 

modes. The spec1men No 1 fa led ultimately in flexure w1thm the region near the 

face of the footing wh1le the spec1men No.2 fa1led m flexure within the cut-off zone 

of longitudmal steel. The summary of the v·sual change observed in the specimens 

dur ng loading test is as follows. 

(a) No.1 spec1men 

1) P=35.5tonf 

2) b=oy 

Flexural cracking. 

Flexural cracks at mid-height of the spec1men turned to 

diagonal cracks. 

Diagonal cracks were observed in the bottom region 

near the footing face. 

Maximum load (121 tonf). Tendency of reduction in load 

carrying capacity due to load repetition. Spalling of 

cover concrete. 

Remarkable reduction in load carrymg capacity. 

S1gn1ficant spalling of cover concrete. Partial rupture 

of long1tud1nal steel. 

Further reduct1on 1n load carrymg capacity. 
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(b) No.2 specimen 

1) P=13.3tonf 

2) b=by 

Flexural cracking. 
Flexural cracks at the cut-off zone turned to diagonal 

cracks. 
Max1mum load (105 tonf). Remarkable reduction in load 

carrymg capacity due to load repetition. Spalhng of 

cover concrete and buckling of long1tud1nal steel within 

the cut-off zone. 

Further reduction in load carrying capacity. Partial 

rupture of longitudmal steel. 

Furthermore reduction m load carry1ng capacity. 

In Fig.6-16 are shown the changes of non dimensional dissipated energy 

(Ed') w1th repeated cycles. At the deflection amplitudes less than 2by, Ed -value of 

these two specimens IS almost the same and reduct1on in Ed -value w1th repeated 

cycles is not remarkable. In No.2 spec1men, however, Ed -value becomes sma er 

w1th repeated cycles at 1'>=31'> due to the pinching effect m P-o hysteresis loops y 

according to significant diagonal cracks at the cut off zone, and Ed'-value at o=4by 

becomes smaller than that at o-30Y. This implies that No.2 spec1men reached 1ts 

ultimate state dunng the loadmg eye es of approximately b=4')y. In No.1 specimen, 

on the other hand, Ed -value 1ncreases w1th mcreasmg the applied deflect1on 

amplitude until ~ soy, although decreases remarkably dunng repeated cycles at 
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b=Sby. Th1s means that No.1 specimen reached its ultimate state during loadmg 

cycles at b=56Y. These differences between No.1 and No.2 are supposed to be 

generated mainly from the difference of the location of final failure. 

(3) Application of damage index 

The concept of damage Index proposed m this chapter was applied to the 

test results of the specimens No.1 and No.2. The ultimate state of each specimen 

was decided according to the definition adopted in this chapter, that is, the fourth 

cycle at b=Sby for the specimen No.1 and the first cycle at b-4by for the specimen 

No.2. Damage index, 01, of ·these spec1mens at each loadmg cycle up to the 

ultimate state was calculated according to the following procedures. 

In this case, rEd'ult. (A)-value 1n Eq.(6-9) was calculated from Eq.(6- 6) by 

substituting the actual p-value and Pw-value of each specimen. 

As the value of coefficient Kin Eq.(6-8), K=1.1 was adopted because the 

longitudinal reinforcement rat1o of these specimens (p"'2.28°1o) 1s almost equal to 

that (p=2.26%) corresponding to K=1.1. Eq.(6-8) which gives the damage reducmg 

factor, f(n), was obtained from the test results of the specimens subjected to five 

load repetitions at each deflection amplitude, while the specimen No.1 and No.2 

were subjected to ten load repetitions at each deflection amplitude. Therefore, the 

values of f(n) after the s1xth cycle were estimated by extrapolation up to n=1 0 n 

Eq.(6-8). 

The changes of Dl in each specimen are shown 1n Fig.6-17. The calculated 

value of Dl corresponding to the ultimate state of each specimen is 1.83 for the 

specimen No.1 and 0. 7 4 for the spec1men No.2. These results 1m ply that the 

ultimate state given by the proposed damage index is somewhat different from that 

obtained from test results. In case of the specimen No.1, 01-value reaches 1.0 

during the loading cycles at 6=4by, while remarkable reduction in load carrying 

capacity due to load repetition was not observed at that deflection amplitude. Th1s 

implies that Dl overestimates the actual damage of the spec men No.1. In case of 

the specimen No.2, on the other hand, the value of Dl does not reach 1 0 even at 

b=4by although significant reduction m load carry1ng capac1ty was observed dunng 

loading cycles at b:::.3by, that is, Dl underestimated the actual damage of the 

specimen No.2. 

These disagreements m the value of Dl s supposed to ongmate mamly from 

the differences in final failure mode and some additional factors having influences 

on the energy diss1pat1on properties. The specimen No.1 failed ultimately 1n flexure 
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Fig.6- 17 Changes of 01 

within the reg1on near the footmg face, while shear failure after y1elding of 

longitudinal reinforcement is assumed when denvmg the rela1:ionships between the 

non-dimensional total dissipated energy and the adopted test variables. In addition, 

mtroduced ax1al stress of approximately 14 kgf cm2 contnbutes to the increase in 

shear resistance of concrete under reversed cyclic 10admg. Therefore, the actual 

rE (A) value of the specimen No.1 is supposed to be largm than that calculated 
d ult 

by Eq.(6-6), resultmg in overest1mat1on of 01 at the ultimate state. The specimen 

No.2, on the other hand, failed ultimately in flexure w1th1n the! cut off zone. In this 

case, the f1nal failed reg1on 1s concentrated at the cut- off zone as seen 1n F1g.6 15 

and IS much narrower than that of the specimen No.1. This c:oncentrat1on of failed 

region led to the pinching effect in load - deflection hystBresis loops at b=3by, 

resulting 1n the reduction in dissipated energy. As a result, the actual LEd'u11 (A)­

value of the spec1men No.2 is supposed to be much less th;:m that calculated by 

Eq.(6 6) and th1s led to the underestimation of 01 in the specimen No.2. 

As mentioned in Chapter 5, h1gh degree of uncertainty ex1sts 1n cons1denng 

the effects of vanous factors on the non-dimensional total dissipated energy until 

the ultimate state and the accumulation process of damage due to load repetitions. 

In addition, the def1n1t1on of the ultimate state adopted in Chapter 5 and 6 does not 

always reflect the real ultimate state of a member. Although damage evaluat1on 

based on hysteretic d1ss1pated energy, which can consider the accumulative 
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damage due to cyclic loads, is supposed to be very effective, 1t is inevitable at the 

present state that some degree of disagreement should exist between the actual 

ultimate state of a member and the estimated one. Therefore, further invest1gat1ons, 

for example, probabiliStiC approach on the uncertainty of the effects of vanous 

factors on the energy diss1pat1on properties, 1s necessary. 

6.6 CONCLUSIONS OF CHAPTER 6 

In this chapter, energy diss1pat1on propert1es of reinforced concrete beams 

are discussed by focus1ng ma1nly on the effects of long1tud1nal reinforcement ratio, 

shear reinforcement ratio and loading histories. In addition, a new damage index 

based on hysteretic dissipated energy is proposed and its applicability is examined 

by using the test results of 1/3 scale bridge pier model spec1mens. The main 

conclusions obtained in this chapter are as follows. 

(1) Non-dimensional dissipated energy, which is normalized by the product of 

calculated yield load and y1eld deflection, of reinforced concrete beams becomes 

smaller w1th mcrease in longitudinal reinforcement ratio compared at the same 

deflection amplitude Shear remforcement ratio, on the other hand, determines the 

deflection amplitude at the ultimate state of tested beams subjected to reversed 

cyclic loadmg well mto 1nelast1c range. 

(2) Non- dimensional dissipated energy are also Influenced by the number of 

repetitions at the same deflection amplitude and the previous loading cycles at 

smaller deflection amplitude. The changes in non-dimensional dissipated energy 

according to the applied deflection amplitudes and the number of loadmg cycles of 

reinforced concrete beams under gradually increased reversed cyclic loads can be 

well estimated by the equations proposed in this study. 

(3) Non-dimensional total dissipated energy until the ultimate state of reinforced 

concrete beams can be expressed by a function of longitudinal reinforcement ratio 

and shear reinforcement rat1o although this relationship has been derived from 

limited data. 

(4) A new damage index for reinforced concrete members based on hysteret1c 

dissipated energy has been proposed, in which the damage reduc1ng factor 1s 

Introduced based on that actual damage corresponding to the energy dissipated at 

the same deflection decreases with increasing the number of load repetition. 
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(5) The applicability of the proposed damage index has been e1xamined by using the 

test results of 1/3 scale bridge pier model specimens. The results showed the 

possibility of damage evaluation based on the proposed damage index. However, 

some degree of disagreement between the actual damage and the estimated one 

still exists at the present state due to the uncertainty of the effects of another factors 

besides those considered in this chapter. Therefore, further investigations should be 

necessary for more accurate evaluation of seismic damage of reinforced concrete 

members based on hysteretic dissipated energy. 
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CHAPTER 7 

CONCLUSIONS 

This research aimed at the clarification of the effects of vanous factors on the 

ductility and energy dissipation properties of reinforced, partially prestressed and 

prestressed concrete beam members, and in addition, the quantitative evaluation of 

seismic damage of these members based on t"lysteretic energy dissipation. 

The mam conclusions obtained m each chapter are summarized as follows 

together with some comments for future investigations. 

In Chapter 2, a new stress strain model for laterally confined concrete, 

which considers the strength degradation after the maximum stress, is proposed 

based on the results obtained from un1ax1al loading tests on circular and square 

column specimens. In addition, the verification of the proposed model1s done by 

companng the moment - curvature relationships of concrete beam members 

calculated by using the proposed model with the measured ones. 

Degree of compressive ductility improvement of confined concrete becomes 

significant with increase in volumetric ratio of transverse hoops and yield strength of 

transverse hoops while with decrease in compressive strength of concrete and 

spacing of transverse hoops (s/0 ratio). The effects of these factors can be 

expressed quantitatively by confining coefficients def1ned for the maximum stress, 

the strain at the maximum stress and the stress degradation gradient after the 

maximum stress, respectively. The proposed stress - strain model for confined 

concrete, which considers the strength degradation after the maximum stress, can 

represent the measured ones under uniaxial loads well into large deformation and 

can be reasonably used for theoretical moment - curvature analysis of concrete 

members having ordinary under-reinforced section with longitudinal steel index of 

less than 0.3. However, further investigation should be done on the effects of strain 

gradient for a more precise est1mat1on of moment - curvature relationship of flexural 

members. 

In Chapter 3, investigations are done on the effective methods for 

determining the buckling initiation point of longitudinal bars in confined concrete in 

addition to the effects of various factors on the strain at buckling initiation of 
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longitudinal bars. 
For the determtnation of buckling inittatton p01nt of longttudinal bars, the 

method which utilizes the separating potnt in load longitudinal strain curves of 

the region mcludtng the buckled zone and the adjacent unbuckled zone, is 

constdered to be effectiVe as well as the method ustng the gradient of load -

longttudinal stratn curves. The strain at buckling 1n1t1ation of longitudinal bars 1s 

matnly influenced by spacing of transverse hoops and diameter of bars. Closer 

spacmg of hoops of s/0' 0.6 (s: spacing of hoops, 0': minimum leg of a hoop) is 

destrable tn order to avoid premature buckling of longttudtnal bars and attam a 

suffictent amount of melasttc deformability unttl the tntttation of buckling. Further 

studtes are desired as for the buckling of longitudtnal bars under reversed cyclic 

loads and the load carrytng capacity of longitudmal bars after buckling. 

In Chapter 4, flexural melasttc deformatton properttes of parttally prestressed 

concrete and unbonded prestressed concrete beams using confined concrete tn 

compression zone of section under reversed cycliC loadmg are discussed. 

The ductil ity of unbonded prestressed concrete beams as well as partially 

prestressed concrete ones can be effectively tmproved b)! arranging transverse 

hoops as lateral confinement at the spacing of, for example one fourth of the 

effecttve depth. Equtvalent coefficient of dampmg of parttally prestressed concrete 

beams tends to decrease wtth increastng mechanical degree of prestress. 

Equivalent coefficient of damping of unbonded prestressed concrete beams, on the 

other hand, is almost equal to that of correspondtng bondled ones although the 

ulttmate flexural strength of the former is 15°1o 20~o smaller compared Wtth the 

latter. Closer spacmg of transverse hoops also improves elastic recovery of 

prestressed concrete beams even withtn the falling branch regton From the view 

point of ductility and energy disstpation under reversed cycltc loading, parttally 

prestressed concrete with mechamcal degree of prestress of less than 0.5 is found 

to have the most destrable tnelasttc deformation properties. 

In Chapter 5, effects of vanous factors on the energy dissipation properties of 

partially prestressed concrete beams under reversed cyclic loadmg are discussed. 

Based on the results, a new damage tndex based on hystere!ttc dtssipated energy ts 

also proposed 
Energy dtssipation properttes of partially prestressed concrete beams are 

influenced matnly by mechamcal degree of prestress, volumetnc rat1o of transverse 
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hoops and loading history. Non-dimensional d1ss1pated energy, wh1ch is normalized 

by the product of calculated yield load and yield deflection, of partially prestressed 

concrete beams can be expressed by a linear function of applied deflection 

amplitude within deformation increasing process, while by a quadratic function of 

applied deflection amplitude w1th n deformation decreasing process The value of 

coefficients in these functtons are mainly determined by mechanical degree of 

prestress, while the deflection amplitude at the ultimate state is dependent on 

volumetric ratio of transverse hoops. Non-dimensional total dissipated energy unt1l 

the ultimate state can be also represented by a function of volumetric rat1o of 

transverse hoops and mechanical degree of prestress. The proposed damage 

1ndex, which is deftned as the ratio of the non-dimensional total d1ss1pated energy 

accumulated actually during loading cycles to the predicted non-dimensional total 

dissipated energy until the ultimate state, shows reasonable estimation of damage 

of tested partially prestressed concrete beams . 

In Chapter 6, effects of longttudtnal retnforcement rat1o and shear 

reinforcement ratio on the energy dissipation properties of reinforced concrete 

beams are investigated. The concept of damage index proposed tn Chapter 5 1s 

also applied to the test results of retnforced concrete beams and 1 ,·3 scale bridge 

pier model spec mens in order to examine its poss1b1llty for se1smic damage 

evaluatton of concrete structures and members. 

Non-dimensional dissipated energy, which is defined similarly to Chapter 5, 

at each deflection amplitude is affected mainly by longitudtnal reinforcement ratio, 

while the deflectton amplitude at the ultimate state 1s determined by shear 

retnforcement rat1o Non-d mens1onal total dissipated energy until the ultimate state 

can be expressed by a function of longitudinal reinforcement ratio and shear 

remforcement ratio. The proposed damage index can represent the se1sm1c damage 

of reinforced concrete members quantitatively. However, some degree of 

dtsagreement sttll ex1sts between the actua damage and the estimated one due to 

the uncertainty of the effects of another factors wh1ch are not considered in this 

chapter. 

From the whole results of th1s thes1s, the effects of various factors on the 

ductility and energy dissipation properties of reinforced, part1ally prestressed and 

prestressed concrete beams can be predicted quantitatively with a certatn accuracy. 

The effectiveness of the proposed damage tndex for se1sm1c damage evaluation is 
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also indicated. However, a high degree of uncertainty still remains as for the 

ultimate deformability of a member under reversed cyclic loads with different loading 

histories as well as the effects of other factors which are not considered in this 

thes1s. Therefore, further studies concerning about these! points are earnestly 

desired in order to establish a rational evaluation method of se1smic damage of 

concrete structures based on hysteretic energy dissipation. 
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