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LIST OF SYMBOLS

a. shear span length.
Ap: area of prestressing steel.
A area of reinforcing steel.
b: width of section.
c: cover thickness for hoops.
C,: confining coefficient for maximum stress.
C,.: confining coefficient for strain at maximum stress.
C,: confining coefficient for stress degradation gradient.
d: effective depth of section or
diameter of longitudinal bar [in Chapter 2].
dp: depth of prestressing steel.
d.: depth of reinforcing steel.
D: minimum length or diameter of cross section.
D': minimum leg of a hoop.
DI: damage index.
E.: elastic modulus of concrete.
E,: dissipated energy at each deflection amplitude.

E," nan-dimensional dissipated energy at each deflection amplitude.

E;: tangent modulus of stress - strain curve of plain concrete.
f.: maximum stress of confined concrete.
f.: compressive strength of concrete or
maximum stress of plain concrete [in Chapter 2].
f.«: design compressive strength of concrete.
f .. stress in prestressing steel at ultimate state.
f .. tensile strength of prestressing steel.
fw: yield strength of prestressing steel.
f,: yield strength of reinforcing steel.
fsyn: yield strength of transverse steel or hoop.
f, tensile strength of reinforcing steel.
f(n): damage reducing factor.
heq: equivalent coefficient of damping.
I: span length or buckling length [in Chapter 3].
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pu
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M: flexural moment.
n: number of loading cycle or
number of intervals having specified length of s [in Chapter 3].
p: longitudinal reinforcement ratio.
p,,. shear reinforcement ratio.
P: applied load.
P, flexural cracking load.
P .ax: Maximum load at each deflection amplitude.
P, maximum ultimate load.
P calculated maximum ultimate load.
P, yield load.
P, .. calculated yleld load.
g: longitudinal steel index.
g prestressing steel index.
q.: reinforcing steel index.
s: spacing of transverse steel or hoop.
V. shear resistance of concrete.
a: restoring index.
d: deflection.
d.... deflection amplitude applied at the first cycle of Series-B beam [in Chapter 5].
d,: deflection at ultimate state.
o, yield deflection.
0., Calculated yield deflection.
Ae: increment in longitudinal strain.
ﬁecoc: coc Eco OF t':c:cucl_Ecol'
AP: increment in applied load.
e: longitudinal strain,
€' strain at buckling initiation of longitudinal bar.
€.: strain in concrete,

[

€., Strain at the maximum stress of confined concrete.

€., - strain at the maximum stress of plain concrete.

E.oc- Strain at onset of stress degradation of confined concrete.
E.oc - Strain at onset of stress degradation of plain concrete.
€.p0+ Strain at v=0.2f ,

ey, Strain at onset of strain hardening of reinforcing bar.

€., strain at tensile strength of reinforcing bar.
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Beyt strain at yielding of reinforcing bar.

¢: diameter of bar or curvature of section.

». mechanical degree of prestress.

u: ductility factor.

f: stress degradation gradient [Chapter 2] or rotation angle [Chapter 4.

P volumetric ratio of transverse steel or hoop.

o: longitudinal stress.

0 introduced prestress.

ZE," accumulated non-dimensional energy dissipated actually during loading.
ZE, . : hon-dimensional total dissipated energy until ultimate state.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL REMARKS

Most of the present seismic design codes for concrete structures, including
the JSCE Standard Specification for Design and Construction of Concrete
Structures [1], allow plastic deformation depending on the degree of expected
earthquake damages based on Newmark's constant energy law [2]. This concept of
seismic design makes concrete structures safe and economical by assuming 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 yield 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 section 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 confined concrete itself, Kent et al. [3] proposed the
stress - strain model for confined concrete, which had been modified 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 size and shape of specimen 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 confined 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 - strain 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. Amaong 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.[10] 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 determined 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
effective in prestressed concrete than in reinforced concrete because higher
compressive ductility is required 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 is
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 which 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.



1.2 ORGANIZATION OF THIS THESIS

This research is done in order to clarify the effects of various factors on the
ductility and energy dissipation 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 evaluation
based on hysteretic dissipated energy of these members.

In Chapter 2, effects of various factors on the fundamental properties of
laterally confined concrete are investigated. From the test results, a new stress -
strain model for confined concrete is proposed and its applicability to theoretical
moment - curvature analysis is discussed.

In Chapter 3, applicability of various methods for determining the buckling
initiation point of longitudinal bars in confined concrete is examined. In addition,
effects of various factors on the strain at buckling initiation of longitudinal bars are
investigated.

In Chapter 4, improvement of flexural inelastic deformation properties under
reversed cyclic loading due to confined concrete is examined mainly about partially
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 ratio. An example of damage index is also proposed and its
applicability is examined by using 1/3 scale bridge pier model specimens.,

Finally in Chapter 7, concluding remarks of the whole chapters of this thesis
are summarized in addition to some comments for future investigations.
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CHAPTER 2

FUNDAMENTAL PROPERTIES OF
LATERALLY CONFINED CONCRETE

2.1 GENERAL REMARKS

Concrete itself is a brittle material with an ultimate compressive strain of at
most 0.3%. However, it is well known that the compressive ductility of concrete can
be improved significantly by confining laterally with spirals or hoops. By confining
concrete laterally, triaxial compressive stress condition is formed under applied
longitudinal stress, resulting in enhancement in compressive deformability and
strength. In addition, these transverse reinforcements prevent premature buckling of
longitudinal reinforcement and also play a role as web reinforcements. Furthermore,
high-strength hoops or spirals with yield strength of more than 80kgf/mm? have
been used as lateral confinement for high—strength concrete for the development of
high-rise and high—ductility buildings.

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 indicated, however, that there are many factors having
influences on the properties of confined concrete. The appropriate 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 deformability of concrete
members well into the post-elastic range in case of examining the ultimate |imit
state under earthquake loads as the limit state design has been introduced in the
design of concrete structures. In such cases, stress - strain models of concrete
considering confining effects should be necessary.

From a view point of assessing the ductility of concrete members under
flexure and/or compression, it is desirable to establish a rational stress - strain
model of confined concrete.

In this chapter, a new stress - strain model of laterally confined concrete is
proposed based on the results of uniaxial compression tests on the column
specimens having a circular or square section. And then, its applicability to
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theoretical moment - curvature analysis of flexural members is discussed.

2.2 REVIEW OF PREVIOUS RESEARCH WORKS
2.2.1 General Properties of Confined Concrete

As main factors having influences on the compressive properties of confined
concrete, the following variables can be listed generally [1].

. ratio of transverse steel for lateral confinement.

. yield strength of transverse steel.

. Spacing of transverse steel.

. diameter of transverse steel.

. shape of transverse steel (spiral or hoop, circular or square).
. strength of concrete.

. existence of strain gradient in cross section.

. loading rate,

O N OO0 A N -

Other factors other than the above mentioned ones may have some
influences on the physical properties of confined concrete.

It is reported that the enhancement in strength and ductility of confined
concrete becomes larger by using circular spirals than by square hoops, and also
that the effectiveness of lateral confinement can be achieved more easily in lower
strength concrete than higher strength one [1].

As an example of indices representing the degree of confinement, the
average confining stress (o,) were proposed as follows [2].

i 2Asus
=0

sD
= psfsyh (at the yielding of transverse steel) (2-1)

Where, A_: area of transverse steel, o_: stress in transverse steel, s: spacing of
transverse steel, D: minimum length of cross section, p,: ratio of transverse steel
(=2A/sD) and fo,n: yield strength of transverse steel.

From the uniaxial compressive loading tests conducted on circular column
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specimens with circular spirals and hoops, it was reported that the stress In
transverse steel reaches its yield strength at s/D=0.7 if the yield strength is
approximately 3000kgf/cm?. Considering this result, the index, ps!‘syh should be
available. On the other hand, in case of high-strength transverse steel with yield
strength of more than 10000kgf/cm?, 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 (o,) cannot always be replaced by its yield
strength (f,;).

As for the use of high-strength steels as transverse reinforcement, some
disadvantages had been indicated previously. For instance, 1) utility of their
strength is not as good as ordinary-strength ones, 2) failure mode of concrete at a
large deformation becomes more brittle due to their 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
consideration due to the spread of high-strength concrete.

Tests results on confined concrete with high-strength transverse steel
(fsyh=14000kgf/cm2) [3 and 5] showed that the improvement in compressive ductility
of concrete could be more effectively achieved by using 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
with ordinary-strength concrete. Other advantages of high-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 is 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 Confined 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 Fig.2-1, which was derived from the experimental data together with the
previous ones by other researchers and by modifying the confining coefficients
proposed by lyengar [9] and Muguruma et al. [10]. Each confining coefficient was
given by Eq.(2-2).

C

Comt Cor =0 —S;’(kD)](fsyh)b(f'c)" (2-2)

cit

cem!

Where, C_, C_ and C_  : confining coefficients for the maximum stress, strain at

the maximum stress and strain at the ultimate state, respectively, p_: volumetric

ratio of transverse hoop, s: spacing of hoops, D: minimum length of cross section,

fsyh: yield strength of hoop, f_: compressive strength of plain concrete, a, b, ¢ and k:
experimental coefficients.

o T iYL SR R B E;E. 2 < g <g.t
- e | %
L - mK il =_.L —Em 3 -
fu'l 'f" D ! ! Sy == (a=fi) ¥t
! | i | En'S £ Stm
|
1
| : | : B-C 0=f f‘ (8 Em)+fe, Em< E <Eu
| | | Eu—
1 ! ! i
0 eu'ca’ & &4 Em'=2,20X107%, &'= 3.50%1073
strain ¢ e
Ei=189000X yf.'/200 (kgf/cm?)
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 model as shown in Fig.2-2. As for the modified 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 strain 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 specimens having a circular (¢15cm) or sqguare (15cm x 15cm)
section and length of 30cm were used for uniaxial compressive loading tests. These
specimens are shown schematically in Fig.2-3. All these specimens were not
provided with axial reinforcement and cover concrete in order to gliminate their
effects. Welded circular or square hoops with several kinds of yield strengths and
diameters were used as transverse steel for lateral confinement.

2.3.2 Test Variables

The main test variables adopted were as follows.
(1) volumetric ratio of hoops (p,): between 0.62%~4.02%.
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Fig.2-3 Dimensions of column specimens

Table 2-1  Details of test variables
comprassive |yield point | volmetric | diameter | s/D ratie
strength of of hoop ratio of | of hoop
concrate hoop
B T vk F.
{kgt/cm?®) (kgf/cm?) %) (mm)
circular
¢olumn 300, 500 3280~8630 | 0.62~4.02 3.5, 6.0/0.086~0.753
speacimen
square
column 300, 500 3280~8630 | 0.62~2.50 3.5, 6.0 0.180~0.753
specimen

(2) yield strength of hoops (f,,): between 3280kgf/cm?-8630kgf/cm?,
(3) design compressive strength of concrete (f ,): 300kgf/cm? and 500kgf/cm?.
(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: circular and square.
The details of these variables are indicated in Table 2-1.

2.3.3 Loading Method

All specimens were subjected to uniaxial compressive load up to failure.
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Fig.2-4 Loading and measuring apparatuses

During the loading tests, the longitudinal displacement of the specimen was
measured by four displacement transducers arranged on four sides of the specimen
together with the applied load. In addition, strains in 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 characterize the stress - strain relationship of confined
concrete, f/f_and e /e ' were used in this study. The former shows the ratio of the
maximum stress of confined concrete (f_) to that (f) of plain (unconfined) concrete,
and the latter shows the ratio of strain at the maximum stress (¢_) of confined
concrete to that (e ') of plain concrete. The characteristics 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 10]. However, the gradient of stress degradation in the falling branch region, 8,
was used here because a more degraded stress - strain curve should be necessary
for the moment - curvature analysis of concrete flexural members well into the
inelastic range.



2.4.1 Effects of Test Variables

In Fig.2-5, Fig.2-6 and Fig2-7 are shown the effects of volumetric ratio of
transverse hoops on the values of f/f', e /e and 8, respectively. As shown in
Fig.2-6 and Fig.2-7, the values of f /f'_and ¢ /e ' increase almost linearly with
increasing value of p_, although scattering of data is observed in some cases. On
the other hand, the value of fi is aimost in inverse proportion to p_-value as seen in
Fig.2-7. However, the effectiveness of transverse hoops for improving compressive
ductility of concrete is more remarkable in circular column specimens than that in
square ones.

Fig.2-8, Fig.2-9 and Fig.2-10 show the effects of yield strength of
transverse hoops on the values of f/f , ¢ /e and 6, respectively. As seen in
Fig.2-8-(a), the value of f/f_increases with increasing value of f_, although its
increasing ratio becomes smaller with increasing value of fﬁyh in case of circular
column specimens. In case of square column specimens, the effect of f_ g ON the
value of f Jf . is not remarkably observed as seen in Fig.2-8-(b). On the other hand,
the value of e_/e_ increases with increasing the value of fsyh. However, its
increasing ratio is larger in circular column specimens than in square ones as seen
in Fig.2-9. The value of # decreases with increasing value of f_, in both cases of
circular and square column specimens.

Fig.2-11, Fig.2-12 and Fig.2-13 show the effects of compressive strength of
concrete on the values of f/f, ¢_/e ' and 6, respectively. It can be observed from
Fig.2-11 and Fig.2-12 that the values of f /f _and ¢_/e ' tend to decrease with
increasing value of f_ although their decreasing ratio is smaller in case of square
column specimens than those in circular ones. On the other hand, the value of 6
increases with increase in f .

In Fig.2-14 and Fig.2-15 are shown the effects of s/D ratio on the values of
f/f_ande_/e_ '\ respectively. From these figures, it can be observed that the values
of f/f_and ¢_/e ' decrease with increasing value of s/d when compared at almost
the same p_-value.

Based on the above test results and the previous researches [5, 8], the
relationships as summarized in Table 2 were obtained between these indexes and
test variables.
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Fig.2-5 Effects of volumetric ratio of hoops on f /f —value
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Table 2-2 Relationships between each index and test variable
volumetric yield point comp. strength s/D ratio
ratio of hoop of hoop of concrate
P iyh e
I S linear to p. | linear to a/f.um inverse to f'. | linear to s/D
circular
column | €./ B’ | linear to p. [inear to f .y inverse to f'.*| linear to s/D
specimen
B inverse to p, inverse to f.,,n | linear to f'.? no relation
| S pL linear to p. no relation no relation linear to s/D
square
column | Eco/ € o linsar to p. | |inear to A/fayy inverse to f'.*| |inear to s/D
specimen
e inverse to p.| inverse to f,,, | linear to f',? no relation
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2.4.2 Confining Coefficients

As the indexes representing confining effects, the concept of
coefficients” [5, 8 and 10] were applied to the test results. That is, confining
coefficients C, C_ . and C, for the maximum stress, the strain at the maximum
stress and the stress degradation gradient, respectively, which the
effectiveness of confinement quantitatively, were determined as follows based on

Table 2-2.

“confining

indicate

For circular column specimens,

Cf-ps[1—s/(k D)IV T o /f' (2-3)
Crem=ps[1-8/(k D) /(F )2 (2-4)
C=(f )Ef(k‘sfsyh) (2-5)

For square column specimens,
C.=p.(1-s/D) (2-6)
Coum=Ps(1-8/D)/T _ /(F )2 (2-7)
Cu:(f‘c)zx(ps syh) &)

The parameters k, and K, in Eq.(2-3) and Eq.(2-4), respectively, indicate the
maximum limit values of s/D ratio over which the effectiveness of confinement
cannot be obtained. As far as these tests are concerned, k, and k, were found to be
0.51 and 0.95 respectively, although k,=0.80 and k,=1.70 in Ref. [8].

Fig.2-16 and Fig.2-17 show the relationships between | 6 and

CO'
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each confining coefficient for circular and square column specimens, respectively.
As indicated in these figures, each index can be expressed almost by a linear
function of each confining coefficient. The details of these equations are as follows.

For circular column specimens,
fJ/f=1.76C +1.02
ECQ,’ECGESO.OCCINH 25
6=406C, 507

For square column specimens,
f/f.=0.065C +1.06
€ol€co =709C,+1.22
#=1234C -2140

2.4.3 A New Stress — Strain Model for Confined Concrete

(2-9)
(2-10)
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.
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Fig.2-18

Proposed stress — strain model



The details are as follows.
(1) Region O~A (0se=e):

f -Ee_ '

o=E gt ——= g2 (2-15)
(&1
(2) Region A-B (e, <e=g )
(e-e)°
o=f + (f'.—f.) (2-16)
(Ecolngco)
(3) Region B~C (e  <e =)
o=f ~0(e-¢, (2-17)
(4) Region C~ (e ,q<¢):
0=0.2f, (2-18)

Where, &_,=2.20x107% and E=189000x/ f /200 (kgf/cm?) 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 maximum stress of both circular 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 circular and square column
specimen. On the other hand, the model proposed by Fujii et al, can estimate well
the maximum stress and the strain at the maximum stress, but it cannot express the
stress - strain relationship well into the falling branch region. Compared with these
two models, the proposed model can express well the stress - strain relationship of
confined concrete including the stress degradation 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

Verification of the proposed stress - strain model for confined concrete was
done by the analysis of moment - curvature (M - ¢) relationship of reinforced,
partially prestressed and prestressed concrete beams [12, 17). The specimens used
for the analysis had a rectangular cross section of width x full depth =10 x 20 cm
and total length of 160 cm as shown in Fig.2-20. These specimens 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).
»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

Theoretical moment — curvature analysis on the above specimens was done
by well-known iterative method based on compatibility of strains and equilibrium of
forces. In the calculation of M-¢ relationship, stress — strain models for reinforcing
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Fig.2-20 Dimensions of beam specimens

steel and prestressing steel are necessary in addition to the stress - strain model
for confined concrete. As the stress — strain model for reinforcing steel, tri-linear
type model as shown in Fig.2-21 were used, in which the strain at the onset of
strain hardening (e,,) was determined as 5 times of that at the yielding (gg,)
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 uniaxial tests, to M - ¢ analysis of flexural members, the effect of strain
gradient in section has been sometimes discussed [13]. The strain at the maximum
stress of plain concrete under uniaxial compression is at most 0.002, while that
under flexural compression becomes approximately 0.0035. JSCE also uses this
value as the limit strain 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 in Fig.2-23, in
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which the length of strength holding region after reaching the maximum stress (B-C

~ 300
in Fig.2-23) is set as 0.0015, was also used in the analysis in addition to the § E 250 |
B4 b
modified Kent & Park model for comparison. 8 8
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In Fig.2-24 are shown the measured moment - curvature curves together -3 L T it
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with the calculated ones using the proposed model, modified proposed model (@) No.1 & (X10°/cm)
considering strain gradient and modified Kent & Park model. (b) No.2
In case of the beams with the value of longitudinal steel index (q) less than
0.218, the calculated curves by using each model are scarcely different from one 5
another and coincided well with the measured one. This is mainly because the [l ’ i E 353 !
value of steel index is relatively small and therefore the contribution of concrete to ‘E "'g‘ 300 .
the beam ductility may be relatively small. In case of the beam with the g-value of < *: 250 1
. { = e
0.288, the difference between the calculated curve obtained by the proposed model 100 rf(',-d;lgsﬂcu’ 200 Wt 3
g=u. S "
and those by using the other two models becomes larger. In this case, the moment % peLOR | 150 T axsten’
= i - -
in the calculated curve by the proposed model commences to decrease at smaller L b 190 g
R . 5T 53 50 Fupe 3020kt /on' |
curvature compared with that in the calculated curves using the other two models, 0123 45678 9%19 o Lo o
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although the calculated 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 using the
modified proposed model and that by using modified Kent and Park model becomes
significant. In this case, modified Kent and Park model seems to estimate well the
measured curve until larger curvature levels than the proposed model even if 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 maximum stress of column specimen under uniaxial

(c) No.3
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(d) No.4
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01234 5 6 789310
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compression, and it can be supposed that this tendency resulted in rather better
agreement in the analysis. In addition, the calculated curve even by using modified
Kent and Park model tends to underestimate the curvature of the beam with
q=0.380 at which the load carrying capacity begins to decrease. Considering that e m:d i woditied el 3 Fask odal
the measured curve 'is also dependent on the size of the specimen and some other 7777 ¢ Galoulatad by proposed model

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

""""" : caloulated by proposed model (considering strain gradient)
supports and strain gradient in the longitudinal direction of the beam, it is impossible Fig.2-24 Comparison between the measured and calcurated M — ¢ curves
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to determine the most suitable model only from these results.

Form the results of theoretical moment — curvature analysis of flexural
members, the proposed stress — strain model for confined concrete is reasonable
for the beams with q=0.168-0.268, which is within the range of the q-values of
ordinary flexural members. However, further investigations into the effects of other
factors, especially the effect of strain gradient in section, should be necessary.

2.6 CONCLUSIONS OF CHAPTER 2

In this chapter, fundamental properties of laterally confined concrete are
investigated by uniaxial loading tests on circular and square column specimens,
From the test results, a new stress - strain model for laterally confined concrete is
proposed and its applicability to theoretical moment — curvature analysis of flexural
members is discussed. The main conclusions obtained are as follows.

(1) Improvement of compression ductility of concrete by lateral confinement
becomes more remarkable with increasing volumetric ratio of hoops, and with
decreasing strength of concrete and s/D ratio. The increase in yield strength on
transverse hoop also improves the compression ductility. However, its improving
effect is relatively small compared with those of volumetric ratio of hoops,
compressive strength of concrete and s/D ratio. These improving effects are more
remarkably observed in circular column specimens than in square column ones.

(2) As the indexes which characterize the stress - strain relationship of concrete,
the ratio of the maximum stress of confined concrete to that of unconfined concrete
(f./f.), the ratio of the strain at the maximum stress of confined concrete to that of
unconfined concrete (¢ /e ) and the stress degradation gradient after the
maximum stress (H) are used in this chapter. These indexes correlate well with each
corresponding confining coefficient, which is defined considering the effects of test
variables, and can be represented by a linear function of each confining coefficient.
(3) A new stress - strain model for laterally confined concrete, which considers the
stress degradation after the maximum stress well into a large deformation, is
proposed based on the above mentioned indexes and corresponding confining
coefficients.

(4) Moment - curvature relationship of ordinary under-reinforced flexural members
with steel index of less than 0.3 can be well estimated by using the proposed

stress - strain model. As for the applicability to over-reinforced sections with steel
index of more than 0.3, on the other hand, further investigations are necessary in
addition to the effects of strain gradient in section.
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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 using 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 in
RC members at the ultimate state even if they are provided with an adequate
amount of lateral confinement. Aithough 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 with buckling of longitudinal bars in confined
concrete. This is mainly due to the fact that the criterion of the buckling initiation of
longitudinal bars has not been strictly defined. Therefore, it is necessary to establish
the effective method to determine the buckling initiation point of longitudinal bars in
RC members in addition to investigating the influences of various factors on the
strain of longitudinal bar at buckling.

In this chapter, investigation is done on the effective methods which
determine the strain at buckling initiation of longitudinal bars in RC column
specimens and their applicability is discussed. In addition, the influences of spacing
of hoops, diameter of longitudinal bars, cover thickness for hoops and number of
intervals having the specified length on the determined strain at buckling are also
discussed.

3.2 REVIEW OF PREVIOUS RESEARCH WORKS

3.2.1 Judging Methods for Buckling Initiation

When discussing the buckling of longitudinal bars in RC members, the first
important problem is how to determine the buckling initiation point. Up to now,



however, a unified method has not been established for determining the buckling
initiation point and only a few research works [1-5] were reported.

Suzuki et al. [1] proposed a method for judging buckling initiation point based
on the idea that the largest effect of the buckling of longitudinal bars on RC
members was the reduction in load carrying capacity. In this method, the following
characteristic points exhibited on the load - longitudinal strain curve of RC column
specimens, confined concrete and longitudinal bar were used for judgment.

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

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

confined concrete is smaller than the strength increasing gradient of
longitudinal bar in strain hardening region (point (i) in Fig.3-1).

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

In load - longitudinal strain curve of RC column specimens in case that the

absolute value of strength reducing gradient in confined concrete is larger

than the strength increasing gradient of longitudinal bar in strain hardening
region (point (ii) in Fig.3-1).

buckling initiation
point (i)

P
/

RC column specimen

buckling initiation

fR point (ii)

5o

confined concrete
(without longitudinal
bars)

Nl

—— S
———— ~ £

] \-\_
% longitudinal bar

=&

Fig.3-1 Definition of buckling initiation proposed by Suzuki et al. [1]

The point at which the ratio of increase in lateral displacement of longitudinal
bar to increase in longitudinal strain (Ad,/Ae) turns to be positive in Ad /Ae -
longitudinal strain curve was also added to the characteristic point for judging the
buckling initiation [2].

Koyanagi et al. [3] also proposed a method based on transformation point
appearing in the strength descending branch in load - displacement curves of RC
column specimens,

Another method based on the sudden change in 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 strain at buckling initiation 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 Buckling of Longitudinal Bar in RC Columns and Beams

Gosain et al. [6] indicated that two buckling mode shapes of longitudinal bar
in RC flexural members as schematically shown in Fig.3-2 could be assumed if the
slope was considered to be zero at both ends of each span between stirrups. The
resulting effective buckling length, assuming no end translation was one-half the
stirrup interval (Fig.3-2-(a)), while equal to one stirrup interval considering end
transiation (Fig.3-2-(b)). It was also indicated that the actual effective length factor
(k=I./s, I,: 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 Fig.3-3.
He also recommended that lateral ties with diameters at least half as large as the
diameter of longitudinal bar should be used in RC members subjected to inelastic
cyclic flexure. However, even very large ties could not guarantee that longitudinal
bars would not buckle under inelastic cyclic flexure.

Suzuki et al. [1] reported the effects of spacing of transverse hoops in RC
circular column specimens. They indicated that the limit value of the spacing of
hoops, for which buckling occurs within single hoop interval, was approximately
0.7D (D: diameter of cross section of specimen) and that buckling could occur over
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(a) no translation, k=1/2

(b) with translation, k=1
Fig.3-2 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=0.7D.

Maruyama et al. [4] investigated the effects of the arrangement details of
longitudinal bars and transverse hoops on the buckling of longitudinal bars in RC
members, and reported that the degree of influence on buckling of longitudinal bar
became larger in the order of (spacing of hoops) - (diameter of longitudinal bar)
(diameter of hoop) = (mechanical properties of longitudinal 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 ratio of transverse hoops.

As for the compressive strain of concrete at buckling initiation of longitudinal
bars (¢.,), Papia et al. [8] proposed the following equations based on their analytical
and experimental studies [9] for the case that buckling occurs within the strain
hardening region of longitudinal bar.

€y=Eno+[0.75(Log k-2.5) (A —A) 54 (1-51.5102-2)(0.02912-2.671+64)] 10

(3-1)

max

Where,
C=0.17(A,,,/54)%75; parameter for the maximum slenderness.
N=(345/f_ )05 parameter for the yield strength of longitudinal bar.

g=1-(f N .SfSy)U 5: parameter for the hardening capacity of longitudinal bar.

£+ Strain at which the hardening of longitudinal bar begins.

k=4qu,E, /(hl): parameter for lateral stiffness.

w,: cross sectional area of transverse hoops.

E, . tangent modulus at onset of strain hardening in transverse steel.

h: length of the side of the perimeter hoop.

q. coefficient depending on the geometry of perimeter hoop. q=/? for
octagonal hoops, while in other cases g=2.

r=4l/d: slenderness of longitudinal bar hinged between two consecutive

supports.

d: diameter of longitudinal bar.

l: center to center spacing of hoops.

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

hmax=24 for f, /i =1.5, while &, =62 for f_ /f, =1.7.
fsy: yield strength of longitudinal bar.
f.,» maximum strength of longitudinal bar.

Comparing the test results obtained by other researchers with the values
calculated by Eq.(3-1), it was reported that the strain at buckling of longitudinal bars
could be well estimated by Eq.(3-1).

On the other hand, Suzuki et al. [1] proposed the following equations for
estimating the strain at buckling initiation of longitudinal bars in circular column
specimens.

£,,=4.0%107 for 0<s/D<0.7

€,,=0.2 (%)
Where,

€, Strain at buckling initiation of longitudinal bar.

A.: area of transverse hoop.

fsyh: yield strength of transverse hoop.

s: spacing of hoops.

D: diameter of cross section of specimen.

<[(D/s)-(1/0.7)]Af. . +0.2 (%)

aleun (3-2a)
for 0.7 =s/D

(3-2b)

These equations were derived from the test results of circular column
specimens and their applicability was limited. Therefore, they proposed a new
equation applicable to both circular and square column specimens based on their



further investigation [2] as given below.

sbu=[(6—¢>)f90]r1[i2psf5yh+1 (%)
Where,
2=0.7+0.075n
B,=1.0-1.0/(n+1.9)
¢: diameter of longitudinal bar in cm.
n: number of sub ties.
p,: ratio of transverse hoop area to area of core concrete.

Eq.(3-3) could estimate well the strain at buckling initiation of longitudinal
bars, However, the applicability of Eq.(3-3) should be limited within the range of
aB,pf,n<7, 8/D<0.3 and fc of approximately 300kgf/em?,

Some other researches [10~14] dealing with buckling of longitudinal bars in
RC members were also reported in recent years.

3.3 EXPERIMENTAL PROCEDURES [15, 16]
3.3.1 Specimens

As shown in Fig.3-4, RC square column specimens (10cm x 10cm x 40cm)
with four longitudinal bars at each corner were used in 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
section of specimen) and that the effect became large in the region of s/D<0.7.
Maruyama et al. [4] also reported that the influence of spacing of hoops was most
significant. Considering these results, three levels of spacing of hoops, that s,
s=4cm, Bcm 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 (f
were used for the lateral confinement.

syn=a1 00kgf/cm?)

P/

BETE
n
400

100

100

Unit:mm

Fig.3-4 Dimensions of test specimen

(2) Diameter of longitudinal bars (d)

As the diameter of longitudinal bars, 10mm (D10 deformed bar) and 13mm
(D13 deformed bar) were adopted. In addition to these specimens with longitudinal
bars, some specimens without longitudinal reinforcement were prepared in order to
investigate the load carrying capacity of longitudinal bars in confined 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 specimens with cover thickness of 5 or 10mm were
also prepared in order to investigate 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 region of longitudinal bar, the
specified spacing of hoops (s cm) was provided at the mid height of the column
specimens with only one interval (n=1) or three intervals (n=3), considering that
buckling could occur over the length greater than single hoop interval. Outside of
this region, hoops were placed at 2.5cm interval to prevent premature deterioration.

Properties of the materials used are listed in Table 3-1. The details of the
specimens are also listed in Table 3-2.



Table 3-2-(a) Details of specimens and results of tests

buckling average strain in 25¢m region +
specimen | s [ d | © | n [ s/0' |buckling| lemgth at buckling fnitiation &b (x107%)
{ca) | (mm) | (ma) mode 1 Method | Method 11 Method 1II Mathad IV
(en)
L i i BT0-Ne. 1 ] 10 0. 400 7.0 7820 [1588) | 26820 (5063) | 24300 (8630) [15520 (23150) |
Tabie 3<) Fraparies ol maldnals DI0-Ne. 2 i 10 0. 400 1.0 | 6880 (7275] | 15680 (6075) | 8629 (10400) =
D10-Ko. 2 i 0, 400 i, e 11384 = =
D10-No. 4 i ) B 8800 12440 10450 11240
concrete 10-No. B 0, 400 12 -~ 10121 - -
10-No. [N 0, 444 'H = 8695 - -
3 g 10-Yo. il 10 0. 444 [} - k] - -
compressive elastic modulus T0-Ko. 0 0444 1 = 70 = =
strength f'. E s D10-No. : 13 : g;;; !.g = ;“r: - -
2 2 -No, A : = ¢ = =
(kgt/em®) (kgf/cm®) To. A1 10] 101 1] 0.500 .0 = 70493 = =
D10-No. ;5 10 g gnu 1.0 - it - -
: ' D10-Ro. | i1 10 , 500 2.0 - 8 - -
sy linaer squuare eylinder DI0-Ko, 14 6] 1 ) 0. 800 .0 | 8710 (5233) | 10730 (5042) 15540 (18800 | 8780 [6233)
column DI0-No, 15 6 I ) . 600 .0 9760 (8908) [ 8160 (11617) [ 9280 (3800) -
D10-No. 16 510 0 0. 600 .0 6260 (80 a’ 8280 (80 }s 20 ss:g}o _msm
- 5 10-No. 17 51 _10[ 0| 3] 0,600 18, §70 0 ]
442 334~341 3. 44 <10 10-No. | 0] 0] 4a] 0.600 12, - 130 8620 -
10-No. 1 f0] 0 a[ 0.600 3.0 8560 980 - -
reinforcing bar D10-No, 2 3| 10 1] 0.800 4,0 [ 4020 (4525) | 4020 (3238) | 5420 (5770 | 4020 (4038) |
10-No. 2 1 [ 1] 0.800 4.0 [ 3940 (4044) | 3940 (4044) 7510 (12780 -
. _ ; D10-No. 1 ( 11 0.800 4,0 [ 4140 (5044) [ 4140 (3084) | 5420 (5180) -
kind yield tensile 10-No. i 11 0.800 00 - ;gn - -
D10-Ne, i 1] 0.800 i, = il = =
8t ’fe"gth s“f’"gth DT0-No. 25 1 710, 800 i1 1080 w0 = 5620
x Y su D10-No. 26 1 0, 800 i, 230 3120 330 -
(kat/cm?) (kgf/em?) D10-No, 21 i 0. 800 [ 740 3060 680 -
gzwn. 26 81 I 0. 800 [N = 171 - -
0-No. 29 [ 0. 1.0 - 97 = -
b 6 3060~3120 4040~4320 DT0-No. 30 1 g‘ﬁ% 1.0 - 165 = =
D10 3300~4000 4610~5750 10-:0. }‘, ::: ; tg:g : = gﬁu = —
—~ — 80 . . =5 i -=s
D10-No. 34 0] 10 , 000 1.0 - [F}] - -
D10-Ho, 0] 10 . 000 1.0 - 21 - -
DT0-No. 0] 10 000 i, - 70 - =
DI0-No. 3 0 10 3| 1.000 i, = 1810 = -
* the values within parenthese indicate the strains in the center & ca region at buckling initiation,

—40— —d1—



Table 3-2-(b) Details of specimens and results of tests

buckiing avErags SLrain In Z5CR region t
Specimen d | c s/0' |buckling | length at buckling initiation &b (x10%)
(cn) | (am) | (mm) node 1 Method | Method 11 Method Nl Method IV
(cm)

13-No. ¥ 1 [ i 7.0 | 1620 [9588) 111220 (14208) 11230 | "sﬁg)l -
013-No. si=1 1 4.0 8250 (9150) | 9240 (10950) {10560 (10840 - ]

13-Ko. HEmLE 12.0 8140 460 6530 10250

13-No. 4 7 8 ) 12.0 5020 570 10450 -
)13-No. e I ) B. - 111 - -
)13-Ko. g ] [} - 13354 - -

13-Ro. 4l i} g, = 22021 - -

R, 7§ S B. - 15230 - -

No. a1 [ 1 = 19235 = -
)13-No. | i 1 4, - 11849 - -
)13-No. 1 | 1 [ = 10638 - -

No. | .0 | 9420 (17086] 13360 (17086) | 15540 (6230) | 6420 (4515) |

~No. 1 1 18, 5200 1] 180 17040

3-No. 14 i 12. 5080 T 120 -

-No. K ; 5620 | 54 8260 -
)13-No. : 4.0 [ 4080 [4744] | 4080 (4244) | 7700 [12760) | 4080 (4244]
13-No. k 4.0 [ 3620 (3756) | 3440 (2578 330 (1043 -
13-No. 18 : 1 8.0 - 4331 - -
13-No. 19 K i, 2430 1150 ki 3380
13-No. 20 K s, 1850 4050 k] -

3-No. 21 ik i, 1250 4560 4 -

3-No. 13 4, - 4985 - -

. K 1 .0 = 55 - -

-No, 24 K ] i, - 38 - -
)13-No. 25 Tal 1 8. - 566 - -
)13-No. 28 3] 1 B. - 388 = -
)13-No. 21 i, - - —
D13-Ko. 28 ; B, - = 181 - -

% the velues within parenthese indicate the strains in the center s cm region at buckling imitiation.

3.3.2 Loading Setups

.r////////////////f///////////
cross head of loading machine

Specimens were loaded uniaxially
to failure with care so that

spherical seat

up the | loading plate |
eccentricity of load should be minimized. 15| yoke
During test, the applied load was 3

measured by a load cell, and longitudinal

deformations in 25cm region including

scm region were measured by electric
strain gauge transducers (gauge length:
50mm) attached on the specimens through

25 cm

. : : straln

the yokes. In some specimens, longitudinal ] L gauge

. " " pral— transducer
deformations in the center scm region o 020 0 (50 mn)

i i gauge
(center of three intervals having the length N ias
of s cm in case of the specimens with n=3) Sakal load cell
r loadi late

were also measured by displacement 7w oF Loading machine Z

transducers (gauge length: 10mm). In
addition, strains in each longitudinal bar
within s cm region were measured in some
specimens by two electric strain gauges
(gauge length: 2mm), which were attached so as to face each other on the surface
of bars. The measuring points of strain in longitudinal bars were shown in Fig.3-4
and the details of loading and measuring apparatuses are shown in Fig.3-5.

Fig.3-5 Loading and measuring
apparatuses

3.4 RESULTS OF TESTS AND DISCUSSIONS [15, 16]
3.4.1 Methods for Determining the Buckling Initiation Point

Except for some specimens, in which the load carrying capacity reduced at
an early stage due to the deterioration of confined concrete near both ends of the
Specimens before buckling initiation, the buckling of longitudinal bars occurred
within the region where the transverse hoops was arranged at the spacing of s cm.
In this study, the longitudinal strain in both the center s cm region and 25cm region

at buckling initiation of longitudinal bar were estimated by the following four different
methods,



(1) Method |

As shown in Fig.3-6-(a), the strain in the center s cm region (.1 in Fig.3-6-
(a)) increases similarly to the strain in (25-s) cm region (), which means the
region where the center scm region is subtracted from 25cm region, until the
initiation of buckling. However, once the buckling of longitudinal bar occurs within
the center s cm region, the strain in this region commences to increase abruptly
while the strain in (25-s) cm 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 scm region becomes to deviate from that in (25-s) cm region (B mark in
Fig.3-6-(a)). In case of the specimens with n=3, buckling can occur in another two
intervals having the length of s cm outside the center s cm region. In such case, an
opposite phenomenon can be observed, thatis, the strain in (25-s) cm region
begins to increase abruptly while the increase in the strain in the center s cm region
becomes very little. Therefore, the point at which the strain in the center s cm region
separates from that in (25-s) cm region can be regarded as buckling initiation point.

(2) Method Il

This method is similar to that proposed by Suzuki et al. [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 (AP/Ae) and
longitudinal strain (¢) 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 (®@mark in Fig.3-6-(b)) and then decreases
again. In this method, this maximum point is defined as the buckling 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 be constant. When the
spacing of hoops is relatively large, the buckling of longitudinal bars occurs
immediately after passing the maximum load and the maximum 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 strain in the center scm
region and the average strain in 25cm region at buckling of longitudinal bar.
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Fig.3-6 Methods for determining the buckling initiation of longitudinal bars



(3) Method I

By subtracting the load - longitudinal strain curve of the specimen without
longitudinal bars from that of the specimen with longitudinal bars, the load -
longitudinal strain curve of longitudinal bar can be obtained as shown in Fig.3-6-(c)
if the stress - strain curve of confined concrete used in both specimens is assumed
to be the same. In this method, the buckling initiation point is defined as the
maximum load point of the curve (@mark in Fig.3-6-(c)) because this curve is
supposed to represent the load carried by longitudinal bars.

(4) Method IV

Maruyama et al. [4] reported that the buckling initiation could be decided by
the sudden change in the readings of strain gauges attached so as to face each
other on the surface of longitudinal bars. Once the buckling of longitudinal bar
commences, the compressive strain at the internal side of bar increases abruptly
while the strain at the opposite side begins to decrease as shown in Fig.3-6-(d). In
this method, the separating point is defined as the buckling initiation paint (' mark In
Fig.3-6-(d)).

In Table 3-2 are shown the average strains in 25cm region of each
specimen at the buckling of longitudinal bars obtained from the above mentioned
four methods. The strains in the center s cm region are also indicated as for the
specimens in which the strains in the s cm region were measured.

3.4.2 Comparison of Strain at Buckling Obtained from Each Method

Fig.3-7-(a) and (b) show the strains in the center s cm region and 25cm
region at buckling of longitudinal bars obtained from four diffearent methods about
the specimens with n=1 in which the buckling occurred within s cm region. In these
figures, the horizontal axis shows the strains at buckling obtained from Method |
(e,(1), while the vertical axis shows the strains derived from Method II, Il and IV
(e,(1), £,(I1) and &, (IV), respectively) for the corresponding specimens, which are
plotted by different marks.

As for the strains in the center s cm region, the strains at buckling obtained
from Method Il tend to give a little smaller values within the region of £,<0.008 and a
little larger values in the region of £,>0.008 compared with those obtained from
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Fig.3-7 Comparison of strains at buckling initiation obtained from each method

Method I. In this case, however, the difference between these two methods is
relatively small. This tendency is similar irrespective of diameter of bars. From these
results, Method Il is supposed to be one of the effective methods to determine the
buckling initiation point of longitudinal bar in confined concrete. In the specimens
which did not show the clear reduction in load carrying capacity in P - ¢ curve,
however, the maximum point in AP/At - ¢ curve does not clearly appeared. In such
cases, the determined strains at buckling may be a little uncertain. This tendency is
sometimes seen in the specimens with a smaller spacing of hoops and becomes
more significant in case of the average strain in 25cm region, resulting in giving
considerably larger values than those by Method |.

The strains at buckling obtained from Method Il indicate larger values
compared with those from Method | in case of d=10mm and the difference between
Method Ill and Method | is larger than that between Method |l and Method . In case
of d=13mm, this difference becomes considerably large. These tendencies are
observed in both of the strains in the center s cm region and 25c¢m region. In the
P-¢ curves of the specimens without longitudinal bars, the increase in lodd
carrying capacity caused by the confining effect due to the interaction of longitudinal
bars and transverse hoops is not included. Therefore, in the P — ¢ curves obtained
by subtracting the P - & curves of the specimens without longitudinal bars from



those of the specimens having longitudinal bars, the above mentioned effects are
included. If it is assumed that these effects are the same irrespective of spacing of
hoops and diameter of bars, Method Il may be used for determining the buckling
initiation. However, the scattering also exists in the P — ¢ curves of the specimens
without longitudinal bars. From these reasons, it is supposed that Method |l should
be in supplementary use.

The strains at buckling by Method IV sometimes show the same values as
those by Method |, while some values are considerably different from those by
Method |. This method is supposed to be effective if the buckling occurs at the
position where the strain gauges are attached. However, the determined strains
may be uncertain if the buckling occurs at another position. In addition, there are
some possibilities that strain gauges may be broken before the buckling due to their
sensitivity. From these reasons, it is desirable that Method IV should be in
supplementary use with another methods.

As for the average strain in 25cm region at buckling of longitudinal bars, the
value obtained from Method | is supposed to give a lower limit one (Fig.3-7-(b)).

It is supposed that Method | might be a very effective method when the
buckling point or the failure zone could be predicted to a certain extent as seen in
the case of the specimens with n=1 used in this study. In general cases, however,
there exist some difficulties in selecting the specified length to measure the
longitudinal deformations because the buckling zone of longitudinal bars cannot be
easily predicted.

As mentioned above, it is difficult to choose the best method for determining
the buckling initiation of longitudinal bars because each method has advantages
and disadvantages simultaneously. Considering the scattering of test data,
however, Method | or Il should be used mainly for determining the strains at
buckling, while Method Il and IV should be in supplementary use.

3.4.3 Buckling Mode and Effective Buckling Length

In Fig.3-8 are shown schematically the buckling mode of longitudinal bars
observed in the specimens. The buckling mode and effective buckling length of
each specimen are also indicated in Table 3-2. The effective buckling length is
considered to be one-half the hoop interval (s) in case of no end translation (Fig.3-
2-(a)), while equal to one hoop interval in case of end translation (Fig.3-2-(b)).

[ =7
® ©® ©® @ 0

Fig.3-8 Schema of buckling mode observed in the specimens

The specimens with d=10mm and n=1 show the buckling mode 1 without
exception in case of s=6cm or 8cm), resulting in the calculated effective buckling
length of 3cm for s=6cm and 4cm for s=8cm. In case of the specimens with s=4cm,
on the other hand, the buckling mode 2 is more frequently observed rather than the
buckling mode 1/, resulting in the effective buckling length close to 4cm.

As for the specimens with d=10mm and n=3, only the buckliing mode | is
observed in the specimens with s=8cm, while the buckling mode spanning more
than two hoop intervals, that is, the buckling mode 3, ¢ and 5, become to be
observed in the specimens with smaller s-values. These results implies that the
possibility of the occurrence of buckling spanning over several hoop intervals
increases with decreasing spacing of hoops in case of the specimens with n=3.

In the specimens with D13 deformed bars (d=13mm), similar tendency to the
specimens with D10 deformed bars (d=10mm) is observed as for the influence of
spacing of hoops (s) and number of intervals (n). However, the buckling modes
accompanied by end translation (buckling mode 2, ¢ and ) are more frequently
observed in the specimens with d=13mm. This suggests that the effective buckling
length becomes a little larger with increasing diameter of longitudinal bars.

As far as the specimens used, the effect of cover thickness (c) on the
buckiing mode and effective buckling length is scarcely recognized.

3.4.4 Strain at Buckling Initiation

In Fig.3-9 are shown some examples of load - longitudinal strain curves
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obtained from the strains in 25cm region.

The strain at buckling initiation is inevitably different according to the length
where the strain is measured. In some of the tested specimens, the strains in the
center s cm region were measured together with the average strains in 25cm
region. However, the length of s cm region is different due to the kinds of specimen
and buckling of longitudinal bars did not always occur in the center s cm region in
the specimens with n=3.

On the other hand, Method | and Il are supposed to be one of good methods
for determining the strain at buckling initiation. However, Method | can not be
applied to all the specimens because the strains in the center s cm region was not
always measured in all of them. Therefore, the average strains in 25cm region at
buckling initiation obtained from Method Il are used in the following discussions.

In Fig.3-10 are shown the effects of spacing of hoops (s) on the strain at
buckling initiation (e,) for specimens without cover concrete (c=0). In this figure, the
average value among the specimens with the same test variables is indicated. The
strain at buckling initiation is remarkably affected by the spacing of hoops, that is,
g,-value decreases with increasing s-value. This tendency can be observed
irrespective of diameter of longitudinal bar (d) and number of intervals having the
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Fig.3-10 Effects of spacing of hoops on the strain at buckling initiation

O w=hom, os0mm [ 2 ssom cxOmm O lem, ox0mm ] ¢ slem, cxlme
@ s=dom c5mm W oszfen, c<Sem @ siom cimm W icm, ciem
2 ssdom, oslmm 7% : osedem c=lmm O edom ccllmm 1Y s=lom, ccllmm
A : =lem c=lna A : s=hca, c=lmm
~ 20000 - ~ 20000 T .
* *
- =
3(’ 15000 = x 15000}
& 10000} 1 & 10000}
5000 B———A - 5000l ot 1
A S . SR R
d (mm) d (mm)
(@) n=1 (b) n=3

Fig.3-11 Effects of diameter of longitudinal bars on the strain at buckling initiation

length of s (n), although some scattering of data exists.

Fig.3-11 shows the effects of diameter of longitudinal bar (d). In case of
S=4cm and 6cm, the strain at buckling becomes larger in the specimens with
d=13mm than that in those with d=10mm except for only one case with s=4cm,
¢=0mm and n=1. In the specimens with s=8cm, on the other hand, e -value is
ranged between 4000-5000x10-€ irrespective of bar diameter. This is because the
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Fig.3-13 Effects of number of intervals having the specified
length on the strain at buckling initiation

buckling of longitudinal bars occurs immediately after the maximum load point due
to a relatively large spacing of hoops and consequently the influences of bar
diameter dose not appear.

Fig.3-12 and Fig.3-13 show the effects of cover thickness for hoops (c) and
number of intervals having the length of s (n), respectively. In case of s=4cm, &~
value becomes largest at c=5mm in the specimens with d=10mm while this
becomes largest at c=O0mm in the specimens with d=13mm., In case of s=8cm, on
the other hand, the effects of cover thickness on e,—value are not obviously
recognized. As for the effects of n, ¢,—Vvalue in the specimens with n=3 tend to
become somewhat smaller than that in the specimens with n=1 except for the case

of s=4cm and d=13mm. This is mainly due to that possibility of the buckiing of
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Fig.3-14 Relationships between s/D' ratio and ¢ -values

longitudinal bars becomes larger in case of n=3 than n=1. However, the effects of
these two variables on the strain at buckling of longitudinal bars are relatively small
compared with those of spacing of hoops and diameter of longitudinal bar.

As mentioned above, distinct influences of cover thickness for hoops are not
recognized and the difference in cover thickness can be replaced by the size of core
concrete confined by a hoop, that is, the minimum leg of a hoop (D'). Therefore, ¢, -
value of each specimen is re-plotted versus s/D' as shown in Fig.3-14, In this
figure, e -value is almost in inverse proportion to s/D' up to s/D'=0.6, while takes a
constant value of approximately 0.004 in the region of s/D'=0.8. Suzuki et al. [1]
indicated that the strain at the buckling of longitudinal bar became almost constant
in the region of s/D>0.7. In the case of the specimens tested, this border line exists
between s=6cm and s=8cm, From these results, the following equations
representing the strain at buckling initiation of longitudinal bars were derived from
the regression analysis of tested data.

e,=at[(D'/s)-(1.0/0.8)]+0.004  (s/D'<0.8) (3-4a)
=0,00782 for d=10mm and 0.00936 for d=13mm
€,=0.004 (s/D'=0.8) (3-4b)

The strains at buckling initiation calculated by Eq.(3-4) are also shown ih
Fig.3-14 together with those by Eq.(3-2) proposed by Suzuki et al. [1]. The ¢, -
values calculated by Eq.(3-4) are more than twice of those by Eq.(3-2). This is
mainly because Method Il for determining the strain at buckling is more similar to



the method proposed by Koyanagi et al. [3] than that by Suzuki et al. [1]. These
facts agree with the report [5] that the strain at buckling derived from the method
proposed by Suzuki et al. is approximately 40% of that from the method proposed
by Koyanagi et al..

3.5 CONCLUSIONS OF CHAPTER 3

In this chapter, investigations are done on the effective methods to determine
the strain at buckling initiation of longitudinal bars in confined RC column
specimens. The effects of spacing of hoops, diameter of longitudinal bars, cover
thickness and number of intervals having the specified length on the determined
strains at buckling are also discussed. The main conclusions obtained are as
follows.

(1) Method | utilizing the relationship between the load-longitudinal strain curve of
the region where the buckling of longitudinal bars occurs and that of the adjacent
unfailed region and Method Il using the gradient of load-longitudinal strain curves
are considered to be effective for determining the buckling initiation of longitudinal
bars in 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-¢ curves of the specimens without longitudinal bars
from that of the specimens having longitudinal bars and Method IV based on the
relative change in the readings of the strains gauges attached on the longitudinal
bars should be used as supplementary to the above methods.

(3) A closer spacing of hoops or a larger diameter of bars tend to cause the buckling
mode spanning more than two hoop intervals or the buckling mode accompanied by
end translation. The effective buckling length is approximately equal to one-half of
the minimum length of cross section aithough it becomes a little larger in the
specimens with a larger diameter of longitudinal bars.

(4) Closer spacings of hoops of s/D'- 0.6 (s: spacing of hoops, D': minimum leg of a
hoop) is desirable in order to avoid premature buckling of longitudinal bars and
attain  a sufficient amount of inelastic deformability until the initiation of buckling. In
case of s/D'=0.8, the effect of hoop spacing does not appear and the strain at
buckling initiation indicates a constant value of approximately 0.004.

(5) The effect of bar diameter becomes significant when the s/D' ratio is relatively

small (in this study, s/D'<0.6), In such cases, a larger diameter of longitudinal bars
indicates a larger strain at buckling initiation.

(6) The effects of cover thickness for hoops and number of intervals having the
specified length on the strain 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
pecome advantages compared with reinforced 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, this 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 resistance becomes
higher and residual deformation at unloading becomes smaller in prestressed
concrete compared with reinforced concrete. This property is 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 during 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 omit 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 with regard to control of crack width and deflection. It becomes also
possible to change its load-defiection hysteresis loop from a high restoring
deformation type as PC to a high energy dissipation type like RC. Therefore, the
potential economic and serviceability advantages of PPC are being fully realized in
construction practice. However, some disadvantages of UPC under seismic loads
were also reported and inelastic deformation properties of PPC under seismic loads
have not been made clear. Therefore, it is essential to make clear their
fundamental inelastic behavior when subjected to seismic loading for their more
extensive structural use.

In this chapter, improvement of inelastic deformation properties of unbonded
prestressed concrete and partially prestressed concrete (including ordinary
prestressed concrete) by using laterally confined concrete are mainly discussed.

4.2 REVIEW OF PREVIOUS RESEARCH WORKS
4.2.1 Influencing Factors on the Inelastic Behaviors of Prestressed Concrete

In general, inelastic deformability of prestressed concrete members is
supposed to be inferior 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 within the range of elastic deformation. These
properties are not favorable from the view point of structural safety under large
earthquakes. Therefore, many research works has been dorie on the improvement
of ductility of prestressed concrete.

The main factors which have influences on the ductility of prestressed
concrete are as follows.

. content of longitudinal steel.

. content of transverse reinforcement.

. distribution of prestressing steel.

. amount of prestress (content of non-prestressing steels).
. cover thickness.

. bond of prestressing steel.

. mechanical properties of materials used.
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The content of lonagitudinal steels in the section is usually expressed by steel
index (q) defined as below.

q=0,+a; @-1)
Where,
A f Af
qp: -——-p i : qS: 2 s“: (4 —2)
bdﬂf’c bdsfc

qp: prestressing steel index.

g.: non-prestressing steel index.

A : area of prestressing steel.

A.: area of non-prestressing steel.

f ;- yield strength of prestressing steel.

f 2 yield strength of non-prestressing steel.
d_: depth of prestressing steel.

d.: depth of non-prestressing steel.

b: width of cross section.

f'.: compressive strength of concrete.

In order to ensure sufficient ductility in seismic design, it is desirable to keep
the steel index less than 0.2 [1, 2]. Various seismic code provisions [3~5] also
provide some limits for the amount of steels in section.

The content of transverse reinforcement has large influences on the ductility
of prestressed concrete. The amount of transverse reinforcement is usually
expressed by its volumetric ratio (p,) to the volume of confined core concrete. Many
seismic codes also indicate the minimum requirement of transverse reinforcement
for the members subjected to seismic loads in order to ensure an appropriate
amount of ductility. As for the effects of transverse reinforcement for lateral
confinement, many research works have been reported [1, 6-10] and the ductility of
prestressed concrete members can be improved significantly by arranging an
appropriate amount of transverse steel even if they have a large steel index of
approximately q=0.4 [11, 12]. '

The amount of introduced prestress and non-prestressing steel has also
large influences on the inelastic behaviors of prestressed concrete members. As the
index which represents the degree of prestress and the amount of non-prestressing



steel in the section, mechanical degree of prestress, A, defined as below can be
used,

Af
A= — (4-3)
Apfpv +A sfsy

»=0 indicates reinforced concrete and A=1.0 indicates prestressed concrete
without non—prestressing steels in the section. In PPC beams, the area surrounded
by load-deformation hysteresis loop becomes smaller with increasing the A-value,
resulting in a smaller energy dissipation ability [13-15], especially in a larger
deformation level.

Research works which 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 maximum flexural strength is less
than that of ordinary bonded prestressed concrete and the ultimate failure mode in
the former is more brittie than in the latter, although elastic recovery of deformation
is larger in the former than in the latter. This is mainly due to that the stress in
prestressing steel at the ultimate state does not usually reach its yield strength in
unbonded prestressed concrete because the bond between concrete and
prestressing steel does not exist.

For example, JSCE indicates in the Commentary of Standard Specification
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% of that of the equivalent bonded prestressed concrete section in case without
special consideration. However, the measured ultimate flexural strengths of
unbonded prestressed concrete members are almost in the range of 85-95% of
those of equivalent bonded prestressed concrete members [19, 20]. Ultimate
flexural strength of an unbonded prestressed concrete section can be calculated
strictly by considering the strain compatibility that the strain increment in
prestressing steel due to the applied load is equal to the total strain increment in the
concrete at the position of prestressing steel summed along with the longitudinal

direction of the member [21]. However, the calculation process of this method is
very complicated although the agreement of the results is quite well. Therefore,
some simplified method have been proposed based on the experimental data.

Baker [22] proposed the equation which gives the strain In unbonded
prestressing steel at the flexural failure of the member by using the strain
compatibility factor.

d =X,
AR (4-4)

€hu—C
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Where,
Bk strain in prestressing steel at the flexural failure.
Epe- strain in prestressing steel due to the effective prestress.
€., Strain in concrete at the position of prestressing steel due to the effective
prestress.
g+ Ultimate strain of concrete.
X,. neutral axis depth.
o strain compatibility factor.

As for the value of strain compatibility factor, for examples, «=0.1-0.2 by
Muguruma et al. [21], 0.4-0.6 for epoxy or asphalt coated unbonded steel by
Miyamoto et al. [23] and 0.25 for polyethylene sheathed unbonded steel by
Kobayashi et al. [24], are recommended.

On the other hand, Mattock et al, [25] proposed the equation representing
the approximate value of the stress in unbonded prestressing steel at the flexural
failure by the analysis of the experimental data.

1.4f'c ( )
A R L, 17, 4-5
. o 100p,

Where,
fpsz stress in prestressing steel at the flexural failure (in kgf/cm?).
f.o: stress in prestressing steel due to the effective prestress (in kgf/cm?).
Py prestressing steel ratio (:Apfbdp).

The same approach was done by Warwaruk et al. [26] and these researches



are reflected on various code provisions, for examples, as ACI [4] and AlJ [27].
In general, flexural strengths of unbonded prestressed concrete sections
calculated by these simplified methods coincided well with the 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 Fig.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=0: RC) and fully
prestressed (A=1: PC) beams were also prepared for comparison. These four kinds
of beam sections were symmetrically reinforced ancl designed to have
approximately the same ultimate flexural strength among them.

o] 600 g spop 1 800 00|
=l [ fad 328 .
non-tensioned bar E 2 E-
L W [ 3 V4
Y \ T T paY
prestressing bar unitmm
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bar , /0
8 PC bar<{] =
2
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Fig.4-1 Dimensions of Series-A, B and 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 ¢6mm rectangular hoops
(fsyh=49kgf/mrn2) 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 region
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]. This value corresponded
to the volumetric ratio of lateral confinement of approximately 2.60%. The vertical
rectangular stirrups of ¢6mm were also provided as web reinforcement in the
remaining part of span, the amount of which was determined by taking into account
the shear resistance of concrete according to the JSCE PC Standard Code [30].

The design compressive strength of concrete was f _=400kgf/cm? (W/C=53%)
throughout the tested beams. A total of 28 beams were tested under three types of
loading, that is, Series-A, B and C. Details of beams for each test series are listed
in Table 4-1, 4-2 and 4-3, respectively. The prestressing bars arranged in PPC
and PC beams were grouted with cement paste of W/C=45% containing 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 following
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 attained the
compression fiber strain of mid-span section (e_) 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 8=20mm (6=0.029), 25mm (8=0.036), 30mm (#=0.043), ——— in the
falling branch region after P, in which 8 indicates the rotation angle (6=20/l, I: span
length),

(b) Series-B (reversed cyclic loading with one load repetition at each deflection
amplitude)



Table 4-1 Details and test results of Series—A beams Table 4-2 Details and test results of Series-B beams

L3 *2 *3 L *5 *6 *7 *8 *3 #10 %1 #2 #3 LL) #5 *6 *7 *8 +3
Specimens A a s Ay A, o, P.. P P T} Specimens A q s A, A, o, P. P W
(em) {(kgt/em®) | (tonf) | (tonf) | (tonf) {cm) (kgf/em*) (tonf) | (tonf)
RC-A-N 0 0.184 | o= 2-D16 = - 2,25 8. 74 7.64 | 16.50 RC-B-N 0 0.180 o0 2-D16 - - (g.g?] 1.67 {g.g&
PPCI-A-N 0. 44 0.231| oo | 2-DI13| $9.2-A 44 4,02 | 9.97 | 8.13 | 6. 84 : ‘
RC-B-R 0 0. 180 d/4 | 2-D16 — - 8,50 1. 67 4.02
PPC2-A-N 0.7 0.252| = 2-010 | ¢ 13-A 98 4.09 9. 47 7.90 3.43 (9. 50) (1, 84)
PC-A-N 1.0 (0.86) | 0.276| oo 2-¢6| $13-C 132 5. 52 9. 00 8. 37 217 PPC1-B-N 0. 44 0. 231 L 2-D13 | ¢48.2-B 43 1}{}. g;} B.13 (g. 2;)
*1) Hachanical degree of prestrass. When considering ¢6, A-value of PC-A becomes 0. 86. PPCI-B-R 0. 44 0. 231 a/a| 2-013| ¢9.2-8 48 12,00 813 |10.00
#2) Steel index. (10. 44) (1. 25)
#3) Spacing of hoops.
#4) Area of non-prestressing reinforcing steal, PPC2-B-N 0.7 0. 264 oy 2-D10 b 13-A 91 {g-?;) 8. 01 {i-g%
D16: A,=1,986em?®, f,,=3700kgf/cm? : E
D13: A,=1, 267cm®, t,,=3800kgf/cm? PPC2-B-R 0.M 0. 264 d/4 | 2-D10 ¢ 13-A 93 9. 88 8. 01 1.13
D16: A.=0.713¢m®, f.,=3600kgf/cm? (9. 60) (6. 33)
DI8: A,=0.283cm”, f.,=4800kgf/cn’ PPC3-B-N 0. 56 6303 | = | 2013 gleh 90 1.56 | 8.75 | 2 66
#5) Area of prestressing stesl. (0. 44) (0, 231) (¢9, 2-8) (39) (9. 73) (8.13) | (2.73)
oot N B A P b b A PPC3-B-R 0. 56 0.318 | d/4| 2-013 13-A 98 i
-8~ . . e - 0.75 | 9.65 | 573
®13-A: A,=1, 327cn’, f,,=9400kgt/cn’ (0. 48) | (0.243) (69.2-8) |  (40) [ (10.60) | (8.08) [ (5.73)
¢ 13-C: A,=1,327Tem?, f,,=12500kgf/cm?
e e U e R PPC4-B-N 0.7 0. 264 oo 2-D10 ¢ 13-A 93 9. 75 B. 01 2.719
; 29 (0.60) | (0.189) ($9.2-8) | (39) (1.25) | (6.25) | (3.56)
#7) Measured flexural cracking load.
#8) Measured maximum ultimate load. PPC&-B-R 0. 71 0. 264 d/4 | 2-D10 :¢13-k : 89‘ 9. 78 8 01 B. 08
#9) Calculated maximum ultimate load. (0. 60) (0. 189) ($ 9. 2-8B) (40) (7. 15) (6. 25) | (7. 50)
*10) Ductility factor. PC-B-N 1.0 (0.86) [ 0.276 | o | 2-¢6| &13-C " 10.69 | 8.41 | 1.53
(8. 81) (2. 20)
PC-B-R 1.0 (0. 86) 0.276 d/d | 2-¢6 ¢ 13-C 115 10. 13 8. 41 2,09
(9. 13) (3. 64)

#1) Mechanical degres of prestress. When considering &6, A-valus of PC-B becomes 0. 86.
The parentheses indicate the values in the negative direction,
#2) Steel index. The parentheses indicate the valuss in the negative dirsction.
#3) Spacing of hoops.
#4) Area of non-prestressing reinforcing steal,
DI6: A,=1.986cm? +{.,=3700kgf/cm?
D13: A,=1, 267cm®, f.,=3B00kgf/cm?
D16: A,=0. 713cm?, +,,=3600kgf/cm?
D16: A,=0. 283cm?, f,,=4800kgf/em?
#5) Area of prestressing steal,
&9, 2-B: A,=0. 6648cm®, f,,=11400kgf/cm’
& 13-A: A,=1.327cm®, f,,=89400kgt/cm?
$13-C: A,=1.327cm?, f,,=12500kgf/cm?
The paranthesas indicate the values in the nagative direction,
#6) Introduced prestress, The parsntheses indicate the valuss in the negative direction.
*7) Measured maximum ultimate load, The parsntheses indicate the values in the nsgative direction
#8) Calculated maximum ultimate load. The parsntheses indicate the values in the negative direction,
#3) Ductility factor. The parentheses indicate the valuss in the negative direction.

—64— —~BG=



Table 4-3 Details and test results of Series-C beams
+ady +ibyL
# 2| # *5 *6 ¥ *8 +3 68y 2ot /\ /\ oot
Specimens A q s A, A, O, Py B u 45y X \/. A .
( (kaf/em?) | (tonf) | (tonf) ' r p
cm) gf/em on on :%E -261: V v -26;_
RC-C-N 0 0.180 | e | 2-DI6 - —~ 8. 60 .67 | 2.78 cer I
(8. 38) (2. 1) LA AL by NCevein) :
RC-C-R 0 0.180 | d¢/4 | 2-D16 - - 8. 8! .67 | 3.57 N (eyele) '
(8.31) (5. 88) (a) Series-A (b) Series-B (c) Series-C
PPCI-C-N 0. 44 0.231 | = | 2-DI3| $9.2-A 46 10.31 B.13 | 2.38
. 88) &N Fig.4-2 Loading sequences
PPCI-C-R 0. 44 0.231 | d/4| 2-D13| &9 2-A 47 10, 48 8.13 | 4.00
(9. 49) (4. 56)
PROZ-C-N i Gl B! et s " aeo | P & As shown in Fig.4-2-(b), each one cycle of load reversal was given at
PPC2-C-R 0. 71 0.264 | d/4| 2-D10| ¢ 13-A % {i'ﬂ; s (g- gg) gradually increased deflection amplitude of 6= o, (#=+0.007), =20, *+3d, ---
' : (0,=6mm: chosen in these tests as the mid span deflection at first yielding of RC
PPC3-C-N 0. 56 0.303 | o | 2-D13| &13-A 100 12. 83 9.75 | 1.92 4
(0. 44) (0. 231) ($89. 2-B) (38) (8.53) [ (8.13) | (2. 84) beams).
PPC3-C-R 0. 56 0.318 | d/a| 2-D13 13-A 104 12, 51 9.65 | 3.64 ieg— - - - ] i
bt a3 ¢$g_ P s wan | ot & (c) Ser:ets C (reversed cyclic loading with ten load repetitions at each deflection
PPCA-C-N 0. 71 0.26¢ | = | 2-010| &13-A 91 .03 | 801 [ 199 amplitude)
(0.60) | (0.189) (99.2-8) | ©9) e | (B20 [ A 15) As shown in Fig.4-2-(c), reversed cyclic loading with load repetitions of ten
- . . 4 -A .44 . : . ‘ ‘
PRCA-C-8 aiy | @i 4 8l a1 & &6 cycles was applied at several levels of deflection amplitude of =5, (f="0.007),
PC-C-N 1.0 (0.86) | 0.276 | o | 2-46| &13-C "1 10. 44 8.41 | 1.5 'Zby. 39, ———.
(8. 81) (1. 84) y
PC-C-R 1.0 (0.86) | 0.276 | d/4| 2-46| &13-C 15 10,38 | 8.41 | 1.59
(9. 63) (2. 26)
#1) Mechanical degree of prestress. When considering ¢6. A-valus of PC-C becomes 0. 86. 4.3.2 Results of Tests and Discussions
The parantheses indicate the values in the negative dirsction.
#2) Stesl index. The parentheses indicate the values in the negative direction.
#3) Spacing of hoops, (1) Series-A
#4) Area of non-prestressing reinforeing steel, i . ) ) )

D16: A,=1,986em?, f.,=3700kg!/cm? All beams in Series—-A tests failed ultimately in flexure. In Table 4-1 are

DI3: A.=1.267em®, f.,=3800kgf/cm’ : ; ;

D16: A.=0. T13em?, f,,=3600kgf/cm? shown their measured flexural cracking loads (P.) and maximum ultimate loads
W 2?3cm'. f.,:as?ouwem' (P) together with the calculated ultimate one (P)). P, is calculated by the
* rea ot pres rcuing stenl. . 3 5

$9.2-B: A,=0. 6648cn?, f,,=11400kgt/cn? conventional ultimate strength theory using rectangular stress block equal to 0.85

& 13-A: A,=1.32Ten®, f,,=9400kgf/cm* times i - {

g el s il of cylmder concrete strength (f ) and yield strength of steels (fsy, fw). Ductility

The parantheses indicate the values in the negative direction, factor (u) in Table 4-1 was defined in the term of two mid-span deflections at 0.9P

#6) Introduced prastress. The parentheses indicate the values in the negative direction - . ;
#7) Measured maximum ultimate load. The parentheses indicate the values in the negative direction. on the ascendung and fa”mg branch curves given by envelope of the load -

#8) Calculated maximum ultimate load, The parentheses indicate the values in the negative direction. deflection hysteresis
#9) Ductility tactor. The parsntheses indicate the values in the negative direction. " ) ’ )
Flexural cracking strength is clearly found to increase with increasing #-

value, when reinforced to have approximately the same maximum ultimate strength.
Fig.4-3 shows the measured load - deflection (P - 8) hysteresis of Series-A
beams together with each theoretical P - d envelope curve, which was calculated
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P(t) P(t) by modifying the stress — strain relationships of constitutive materials proposed by
L Ry Park et al. [1, 31] as illustrated in Fig.4-4. As seen in Fig.4-3 and Table 4-1, beam
8 e ductility decreases with increasing A-value. Theoretical P-o envelope curve of each
‘ beam coincides well with each measured one.

On the other hand, the elastic recoveries are compared among four tested
beams in Fig.4-5, which are expressed by restoring index (1) as defined in the term
of ratio of restoring mid-span deflection at full unloading to total one. Elastic
recovery of RC beams is considerably smaller within the range of #-0.03. On the

0 a . _
20 40 6(80 o ¢ 20 40 6 (30) other hand, even in PPC beams having a relatively small A-value of 0.44, the index
mm mm
P(t) (t) « is well in excess of 0,9 before the maximum ultimate load (H<0.01). Within the
10¢ PPC2-A-N 10p PC-A-N .
falling branch region after that, however, c«—value commences to decrease rapidly
8 irrespective of the magnitude of A.
8 .
¢
2 B. 1-0 1 i T T T T T T T
0 . J : . *E 0.9 O : RC-AN (A<D) 1
20 —40 50 080 oy A : PRCI-A-N (A=044)
&(mm) S(mm) £ o8} OJ: PPC2-A-N (2=0.71)
s V : PC-A-N (A=10)
measured S 0.7k
-------calculated s
. _ ‘ 0.6
Fig.4-3 Load - deflection hysteresis loops (Series-A)
0.5}
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)
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curves were used for calculation. B - ’ . .
Fig.4-5 Elastic recovery expressed by restoring index (Series-A)

Fig.4-4 Modified stress - strain relationships of constitutive materials
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(2) Series-B
(a) Ultimate strength and failure mode

All of PPC beams as well as PC ones failed ultimately in flexure under
reversed cyclic loading as done in Series-B tests. On the other hand, RC beams
showed brittle shear failure due to significant reduction in effectiveness of concrete
shear resistance mechanism after the formation of X-shaped diagonal shear cracks
at 0="40,, although these failed in flexure in a more ductie manner under
unidirectional loading.

In Table 4-2 are shown the measured maximum ultimate loads (P ) together
with theoretical ones (P ) estimated by the same method as done for Series-A
beams. It is indicated in 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 loading.

(b) Deformation property

Fig.4-6 shows the measured load - deflection (P - o) hysteresis of Series-B
beams together with the theoretical P - d envelope curves obtained by the same
method as applied for Series-A and also the measured P - 0 envelope curve of
each corresponding Series-A beam. And then, in Fig.4-7 are shown some
examples of the moment — curvature (M - ¢) hysteresis loops measured within the
maximum moment span together with the theoretical ones calculated on the basis
of stress - strain relationships of constitutive materials as already illustrated in
Fig.4-4.

Load carrying capacity of N-type beams without lateral confinement reduces
rapidly once the cyclic load exceeded P . This strength reduction becomes more
remarkable in the beams having a higher A-value. However, it is clearly indicated in
Table 4-2 and Fig.4-6 that the ductility of PPC and PC beams which failed
ultimately in flexure can be improved remarkably by using laterally confined
concrete at the compression zone of section.

Comparing the measured P - envelopes of corresponding two beams
between Series-B and Series-A tests, the reduction in load carrying capacity is
found to commence somewhat earlier in the former than in the latter.

In RC beams, a significant pinching effect in P - d hysteresis loops is
observed due to the extensive diagonal shear cracks at about 0= Gby (h="0.043),
although stable befote o= 50, (#=-0.036).

As shown in Fig.4-7, the M - ¢ hysteresis loops for any type of PPC beams
can be well estimated by the above mentioned analysis.

r

=20

///44/ o3

Y

measured
~-—=calculated

weeeee P anvelope curves
of each corresponding
Series—-A beam

Fig.4-6 Load - deflection hysteresis loops (Series-B)
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Fig.4-7 Examples of moment - curvature hysteresis loops (Series-B)

(c) Equivalent coefficient of damping

The equivalent coefficients of damping (heq) obtained from the measured P-o
hysteresis loops of Series-B beams are shown in Fig.4-8. The he,—Vvalue increases
with increase in the deflection amplitude or rotation angle (8). When compared at
the same 6-value of #<0.021, the h_ -value of RC beam is considerably larger than
that of PPC beam, but commences to decrease due to pinching effect after # -0.021.
It can be observed in PPC and PC beams that the h.,~value of N-type tends to
increase more rapidly with increase in #-value and to be higher than that of R-type.
However, a significant difference cannot be recognized in the h.,—Vvalues between
RC beams of N-type and R-type because of the extensive shear cracks
irrespective of beam types.

Comparing the heq—value of unsymmetrically reinforced PPC beam with that
of symmetrically reinforced one, both of which had the same mechanical degree of
prestress (A) or steel index (q) in one side of section, as shown in Fig.4-9, the
former is somewhat smaller than the latter when another side of section is
reinforced with higher A or g-value (PPC3 vs PPC1), while larger in the opposite
case (PPC4 vs PPC2).

(3) Series-C
(a) Ultimate strength and failure mode

All of PPC and PC beams failed in flexure, although RC beams failed in
shear at load reversals of 6= = 6), y (h= 0.043)as well as Series-B tests.

It is indicated in Table 4-3 that an attainable negative maximum ultimate
load of Series-C beams tends to be somewhat small compared with that of each
corresponding Series-B beam, although any one was well in excess of the
theoretical value.

The results of Series-B and Series-C tests confirmed that the introduction of
prestress of about 50kgf/cm? to the beam, as done in the tested PPC beams of
+=0.44, is very effective for preventing the degradation of concrete shear resistance
under reversed cyclic loading.

(b) Deformation property

Fig.4-10 shows the measured load - deflection (P - §) hysteresis of Series-
C beams. And then, Fig.4-11 shows the strength reduction (P/P,__ : average value
for positive and negative sides) with repeated cycles, in which P.ax denotes the
maximum load at each deflection amplitude. It is indicated in Fig.4-10 and Fig.4-11
that the reduction in strength after 10 cycles of load reversals, for instance at
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Strength reduction with repeated cycles (Sereis-C)

0==40,, is only less than 10% in all of PPC beams with lateral confinement.
However, remarkable strength deterioration with increased number of load reversals
at o=-3d, is observed in PC beams due to progressive crushing and spalling of
concrete even if lateral confinement is arranged.

Similar tendency Iis recognized at o= 46)y in RC beams due to the
development of X-shaped cracks,

(c) Equivalent coefficient of damping

The relations between equivalent coefficients of damping (h_,) and repeated
cycles are shown in Fig.4-12. The h_ -value of PPC and PC beams decreases
somewhat abruptly at the second cycle of relatively small deflection amplitude of
0= =20, but any marked change of h.,~Value can not be observed up to the tenth
cycle after the third cycle. On the other hand, at larger deflection amplitudes of
0= =49, the h,,—value of these beams tends to increase with repeated cycles at a
constant deflection amplitude, while that of RC beams decreases rather rapidly
because of the pinching effect caused by the gradual development of shear cracks
with repeated cycles. It is also found in Fig.4-12 that the h.,-value increases with
decrease in A-value when o= 30, but that h_, of RC beams decreases rapidly
with repeated cycles when o> - 30,. resulting in a somewhat small value compared
with both of PPC and PC beams.

As typically shown in Fig.4-13, the same tendency as observed in Series-B
tests can be h,,-values between
unsymmetrically and symmetrically reinforced PPC beams. And also, any
remarkable difference can not be found in the change of h,,—value with repeated
cycles at a given deflection amplitude between these two types of beams,

recognized as for the difference of

4.3.3 Summary of the Results on Partially Prestressed Concrete Beams

(1) All of tested PPC beams of A ~0.44 as well as PC beams failed ultimately in
flexure. On the other hand, RC beams showed brittle shear failure due to significant
reduction in effectiveness of concrete shear resistance mechanism after the
formation of extensive X-shaped diagonal cracks under reversed cyclic loading at
0== 4bv. although these failed in flexure under unidirectional loading.

(2) Loss in strength after ten cycles of load reversals, for instance at - 49 , Is only
less than 10% in all of PPC beams with lateral confinement. However remarkable
strength deterioration with increased number of load reversals at o=- Sby is

_7:'_
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observed in PC beams due to progressive crushing and spalling of concrete even if
lateral confinement is arranged, and similar tendency is recognized at d= 45, in RC
peams due to significant development of X-shaped diagonal cracks.

(3) Equivalent coefficient of damping as well as dissipated energy is significantly
affected not only by beam types (mechanical degree of prestress, spacing of hoops)
but also by reversed cyclic loading conditions (deflection amplitude, repeated
cycles).

(4) Moment - curvature hysteresis loops for any types of PPC beams can be well
estimated by taking into account the stress - strain relationship of constitutive
materials and effect of lateral confinement.

(8) The results of these fundamental tests implies that the inelastic behaviors of
PPC beam under reversed cyclic loading as experienced with earthquake action is
favorable in 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 rectangular section of width (b) x full depth
(h) = 10 x 20cm and a total length of 160cm. Test programs consist of two series,
that is, Series-D and Series-E, and the details of each test series are as follows.
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Fig.4-14 Dimensions of Series-D beams

(1) Series-D
(a) Specimens

In this series, unbonded prestressed concrete beams without grouting of
cement paste were used together with the corresponding bonded ones. In these
beams, prestressing bars were used for prestressing steel. The details of the cross
section of these beams are shown in Fig.4-14. A half number of Series-D beams,
subjected to reversed loading, were uniformly prestressed, whereas the remaining
half number of beams, which were subjected to unidirectional loading, were non-
uniformly prestressed with one prestressing bar.

The main test variables are as follows.
a) prestressing steel index (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 volumetric ratio of p_=0%, 1.39% and 2.78%, respectively.

Concrete of f_=450kgf/cm? (W/C=44%) was used in all of Series-D beams.
The ¢6mm hoops of f‘,ﬁ‘,=49kgfmm2 were arranged at the prescribed spacings
within 50cm length over a mid-span, which covered the plastic hinge zone. In order
to prevent the premature shear failure, web reinforcement of ¢6mm vertical stirrups
were provided in the remaining parts of the span. The amount of web reinforcement

was determined based on the JSCE PC Code [30], in which the shear carried by
concrete (V) was taken into account in contrast to the New Zealand Code [3] and
FIP Recommendation [34] which assume V_ to be zero for reversed cyclic loading
because of reduction in the effectiveness of the concrete shear
mechanism. The details of Series-D beams are listed in Table 4-4.
(b) Loading methods

A total of 12 simply supported beams were tested under symmetrical two
points load with a/d ratio of 4.3. Two patterns of cyclic loadings with or without load
reversals were adopted. The former type of loading corresponds to L2 and the
latter to L1 in Table 4-4,

In L1 type of loading, the beams were fully unloaded at each repetition when
the load attained the compression fiber strains of mid-span section (¢.) of 0.001,
0.002, (0.0025), 0.003, the maximum ultimate (P ) 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 loading, in which hoops were arranged at the spacing of s=d/4, each
mid-span deflection amplitude was kept nearly equal in the positive and negative
directions. Each amplitude corresponded to ¢_of 0.001, 0.002, (0.0025), 0.003 and
P, on the positive run and some levels on the falling branch curve.

resistance

(2) Series-E
(a) Specimens

In Series-E, unbonded prestressed concrete beams with polyethylene
sheathed 7-ply unbonded prestressing strand filled with grease were used together
with the corresponding bonded beams. The details of the cross section and the
anchorage are shown in Fig.4-15. The adopted test variables are as follows,
) prestressing steel index (q): 0.18 and 0.26.
) spacing of hoops for lateral confinement (s): -
to p.=0% and 2.43%, respectively.

The design compressive strength of concrete was 550kgf/cm?, and the hoops
and vertical stirrups were arranged in the same manner as Series-D beams.

One pair of beams, unbonded and bonded, were prepared for each test
variable. The details of Series-E beams are shown in Table 4-5.
(b) Loading methods

In total, 16 simply supported beams were tested under symmetrical two
points load with a/d, ratio of 3.75. Loading patterns similar to those used in Series-
D were adopted. In reversed cyclic loading, however, unloading was done at the

and d/4. These values correspond



Table 4-4 Details and test results of Series-D beams

#1 #2 *3| %4 %5 *5 7 8 *9 +10
Spacimens | Loading | Bonded or q s A, g, ey P. P u
Type Unbondead {em) (kgf/em®) (tonf) {tont) {tonf)
D-1 U 10 4,00 1.10 .24 | 1.5
o0 .
D-2 B 13 s.00 | 780 | &ss | 77 : ple Eﬁs;gt‘g:? ;f’ﬁmm
: 712
0-3 . U oo | (s T e00 | 26 | n21 [ 122 Wb _m’f“mt | !J confinement _ e
I = 1 il v .
D-4 8 14 2.60 | 8.00 | 8.58 | »9.5 = B - orjysiend
D-5 U P 85 260 | .33 | .33 [»>129 | | =0£ !_ &
d
D-6 B 116 4.00 | 8 58 8.58 |»>12.7 P ———— T g
D-7 U 78 350 | 120 | 5.67 | 57 L—f _388 Lﬂ 3
0.133 b11-8 g0 | @3 | | | Q800 gl £ el
D-8 B ' T4 3.60 | 7.30 | 6.95 [ 120 ' (unit:mm)
(3.60) | (6. 70) '
D-9 U 102 3.60 | 7.60 | 7.29 | 8.6
L2 0.216 |d/4 | &13-B Ly pedty o
- & pull anchor anchor
D-10 B 103 3.20 | 8.20 | 858 [ 11.4 Vg
3200 | (178 | S, T i e
PC strand
D-11 U 121 510 | 9.08 | 9.42 | >8.2 ‘_\_EFEJ% Lm:“:}]_
20 b (5.10) | (8.20) '—“m;_ / M >
D-12 B ' 138 520 | 10.33 |[t10.67 | 9.1 ' ..ﬂ _ \ sheath grip
(4. 80) | (3. 28) ey
#1) L1: Unidirectional loading, L2: Reversed cyclic loading. E grouting
#2) U: Unbonded, B: Bonded. : hote Pl
#3) Steel index.
#4) Spacing of hoops. i ]

#5) Area of prestressing stesl,
¢ 11-8: A,=0.9503cm*, f,,=11200kgt/cm?
¢ 13-B: A,=1, 32Tem?, f,,=11000kgt/cm?
& 17-A: A,=2.27cm?, 1,,=8500kgf/cm’® Fig.4-15 Dimensions of Series-E beams and details of its anchorage zone
#6) Introduced prestress.
*7) Measured flexural cracking load, The parentheses indicate the values in the negative direction.
%8) Measured maximum ultimate load. The parentheses indicate the values in the negative direction.
#9) Calculated maximum ultimate |oad.
#10) Ductility factor in the positive direction.
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Table 4-5 Details and test results of Series-E beams

#1 %2 #3 #4 #5 #6 *7 #8 #9 #10
Specimens | Loading | Bonded or q s A, o, P P. m
Type Unbonded (em) {kgt/em*) | (tonf) | (tont) {tont)
E-1 u 0. 186 121 4,50 8. 66 8. 09 37
oo
E-2 B 0. 154 T-ply 121 4. 30 10. 10 9,34 3.3
12, 4mm
E-3 u 0. 186 109 4.50 8. 07 7.59 | >15.8
L1 d/4
E-4 B 0. 167 113 5.00 10. 46 9,28 >8. 6
E=5 ] 0. 269 163 6. 00 10,17 9. 88 3.6
oo
E-6 B 0. 243 T=-ply 164 5. 50 12.38 | 12.17 2.5
15, 2mm
E-T u 0. 211 m 175 4. 50 9. 48 10. 31 1l
E-8 B 0. 247 m 6. 00 12.60 | 12.15 >9. 3
E-9 ] 0. 186 109 3.00 8. 21 1.59 41
(3. 00) (7. 87)
oo
E-10 B 0. 152 112 5. 00 8. 75 9.35 5.6
T-ply (4.00) | (8.43)
12. 4mm
E-11 u 0. 186 17 5. 00 1.59 1. 92 »9.2
(3. 00) (1. 51)
L2 d/4
E-12 B 0. 167 109 5,50 10. 39 9,28 >5.2
(5. 00) (9. 66)
E-13 u 0. 269 159 5.00 8. 98 9, 72 il
(4. 00} (8. 37)
o0
E-14 B 0,243 168 6. 50 12. 40 1. 87 2.9
T-ply (6. 00) | (10.59)
15, 2mm
E-15 U 0. 27 161 5.50 8. 74 979 4.5
(4. 50) (9. 20)
d/4
E-16 B 0. 247 165 6. 10 11. 63 12, 31 351
{5.00) | (11.61)
#1) L1: unidirectional loading, L2: Reversed cyclic loading.
#2) U: Unbonded, B: Bonded.
#3) Steel index.
#4) Spacing of hoops.
#5) Area of prestressing steel.
T-ply 12, 4mm: A,=0.9203cm®, f,.=17200kgf/cm?
T-ply 15. 2mm: A,=1. 385cm?, f,,=16600kgf/cm?
#6) Introduced prestress,
#7) Measured flexural cracking load. The parentheses indicate the values in the nsgative direction.
#8) Measured maximum ultimate load. The parentheses indicate the values in the negative direction,
#9) Calculated maximum ultimate load,

#10) Ductility factor in the positive direction,

deflection amplitudes corresponding to £.=0.002, maximum ultimate load and the
rotation angle of = -0.029.

4.4.2 Results of Tests and Discussions

(1) Series-D
(a) Load carrying capacities

In all of the beams, the first flexural cracking occurred when ¢_on the initial
positive run was less than 0.001, and the negative flexural cracking strength was
aimost equal to the positive one as shown in Table 4-4,

The unbonded beam (B7), having a low steel index of g=0.133 and narrow
hoop spacing of s=d/4, failed finally by rupture of prestressing steel at extremely
large mid-span deflection of approximately 40mm. The final failure in the other
beams were caused by crushing of concrete without rupture of prestressing steel.

In Table 4-4 are shown the measured maximum ultimate loads (P,) together
with the calculated ones (P ). P’ of the unbonded beams were calculated by using
Eq.(4-5) proposed by Mattock et al.. As indicated in Table 4-4, P, of the unbonded
beam is less than that of a comparable bonded beam, irrespective of the loading
types, However, its reduction ratio is at most 15%.

The measured ultimate loads of unbonded beams coincide well with the
calculated ones by assuming the rectangular stress block equal to 0.85f_ of
concrete and the stress in prestressing steel at the ultimate state (f..) derived from
Eq.(4-5). Even after subjected to high intensity reversed cyclic loading, the ultimate
flexural strength of unbonded beams scarcely reduced compared with the
calculated value except for the beam D-11 with the largest g-value.

The significant shear cracks did not occur up to failure in all of the beams.
This suggests that the requirement for web reinforcement as provided in the JSCE
PC Code [30] may be conservative for the post-tensioned beam, whether it is
bonded or unbonded, which is subjected to load reversals well into the inelastic
range,

It Is indicated in Fig.4-16 that the ratio of negative maximum load to positive
one (P-/P*) at each repeated cycle of the same deflection amplitude tends to bé
Smaller in the unbonded beams in the region of rotation angle #-0.010 than the
bonded ones. This result suggests that the flexural rigidity in the negative loading
un of unbonded beams can be more remarkably reduced by the previous positive

il - bl
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value. This tendency is also observed in bonded beams [9].

As far as Series-D tests are concerned, the value of h__ at the maximum

eq

ultimate load, irrespective of spacing of tie and existence of grouting, is
approximately 0.156 for g=0.2 which may be considered appropriate as the upper
limit in seismic design of prestressed elements.

(d) Ductility factors

In Fig.4-19 are shown the ductility factors u which is defined in term of the
ratio of two mid-span deflections at 0.8 P on the ascending and falling 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 in the range of smaller g-values, especially at g=0.133.
However this difference becomes smaller with increase in g-value.

(2) Series-E
(a) Load carrying capacities

The flexural cracking strength of the beams with high prestress of q=0.26 is
approximately 25% higher than that of corresponding beams of q=0.18 as indicated
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. This result is somewhat different

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 failed
ultimately in flexure accompanied by crushing of concrete within mid-span as seen
in Series-D beams.

As indicated in Table 4-5, the measured maximum ultimate loads (P ) 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 - 6 hysteresis loops. Some examples of
elastic recovery on unloading are shown in Fig.4-21, which are expressed by
restoring index (ct) as defined previously.

The index, «, 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
(6=0.015).

The value of «, 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 damping (heq). The
coefficient, heq: Increases with increasing applied deflection amplitude. The value of
Neq is equal to approximately 0.05 at the loading level of £ =0.002 (#=0.008), and
then 0.15 at P (#=0.015) irrespective of test variables. Moreover, h_, is larger in the
beams without lateral confinement than in those with lateral confinement within the
falling branch region (6>0.020).

The effect of prestressing steel index and bond for prestressing strands on
the coefficient, heq Cannot be significantly noticed.

(d) Ductility factors

 In Table 4-5 are listed the deflection ductility factor (u). 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



=) 10 E-3 (unbonded, s=d/4)

0 10 20 30 40
(mm) £(mm)
P(t) P(t)
E-10 10 E-12 10

(bonded, s=) : / (bonded, s=d/4)
/
6. 1D | / =20 =10
10 20 Wi 20
= / /5 Stmm)

Fig.4-20 Typical load-deflection hysteresis loops (Series-E)

= L0 -
< 0.9} . H
1‘-; 0.8} . 1
o 0.7 . -
§ 0.6_ - n
- 0.5 0 o
2 04F L il
03} - ? i
0.2} ©: E-1 (unbonded) . 0.2} O :E-1 (unbonded) ]
01} . E-2 (bonded) ] 01}t ® : E-2 (bonded) il
00 10 20 30 40 50 60 c0 10 20 30 40 50 60
rotation angle, A(x107%) rotation angle, (X107
[ 1.0 T T T T N 1.0 T T T
. 0.9} T 2 0.9} T
< 08} {1 < 08} -
- NTE v L\ 4 o ]
= 0.6} 41 = 06} R
< 0.5} { £ 05} .
£ 04} R 2 04} “
03} E 0.3} .
0.2F O: E-1 (unbonded) - 0.2} O:E-1 (unbonded)
01} ®:E2 (bonded) 3 01} ® : E-2 (bonded) .
00 10 20 30 40 50 60 00 10 20 30 40 50 60

rotation angle, (X 107%) rotation angle, &(x107%)

Fig.4-21 Elastic recovery expressed by restoring index (L1 Type of Series-E)

0.35

- = 035
. -
2 030 2 030
g 025 1 224
< Z 020} = £ 020
= i
_§$ 0.154 _g-’g 0.15¢4
=i s E-9 (unbonded) | © 2 010F O+ E°9 (unbonded)
0.05l @ : E-10 (bonded) ] 0.05} ® : E-10 (bonded)
030 20 30 a0 50 %10 20 30 a0 50
rotation angle, @(<107%) rotation angle, @(x107%)
= 035 : y : = 035 g
o R
2 030 S 030}
8 .25 2 025
< £ .20 = £ 0.20
2 e 2 e
£ 015} £ 015
5% ga0f | S5 510l -
£ (1 E-9 (unbonded) r ¢ E-9 {unbonded)
0.05} . E-10 (bonded) _ 0.05} @ : E-10 (bonded)
%0 20 30 40 50 %0 20 30 a0 50
rotation angle, G(<107%) rotation angle, @(x<107%)

Fig.4-22 Equivalent coefficient of damping (L2 Type of Series-E)

_91_.



remarkable in unbonded beams.

4.4.3 Summary of the Results on Unbonded Prestressed Concrete Beams

(1) The maximum ultimate load, P, 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, and that is somewhat higher in the unbonded beams than the
bonded ones.

(8) The equivalent coefficient of damping, h,,, at the maximum ultimate load Is
approximately 0.15 irrespective of hoop spacing and existence of bond for
prestressing steel. Within the falling branch region, however, the value of h,, is
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, in 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 mainly on
the effect of transverse hoops for lateral confinement on their inelastic 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 fo
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 6= 40, although these failed in flexure under
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.

(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% in 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 maximum
ultimate load is well in excess of 0.8 even when the introduced prestress Iis
relatively small (,=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 within
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 with 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
unbunded 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.
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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
S0 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



dissipation of reinforced concrete beams, which tends to fail in shear under
reversed cyclic loading, 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 in Chapter 4, inelastic behavior of partially prestressed concrete
including energy dissipation properties is influenced largely by the magnitude of
introduced prestress. In a qualitative sense, some research works on the energy
dissipation of partially prestressed concrete members have been reported.

Muguruma et al.[3] indicated that the area surrounded by each hysteresis
loop became smaller with increasing magnitude of introduced prestress, resulting in
smaller equivalent coefficient of damping especially at larger applied deflection
amplitudes.

Oishi [4] reported that the load — deflection hysteresis loops of partially
prestressed concrete beam with A=0.5 was more similar to that of reinforced
concrete one than that of prestressed concrete one.

The author [5] also reported that the energy dissipation at the same
deflection amplitude decreased with increasing 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 4o, (o, yield
deflection) although became significant 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 Evaluating Hysteretic Damage

As mentioned previously, seismic damage of concrete members is usually
evaluated by the ratio of the maximum deformation under earthquake to the ultimate
deformation under monotonous loading. In recent years, however, new damage
indexes considering the hysteretic damage accumulation due to load repetitions

have been proposed.

Park et al. [1] proposed the damage index based on the statistical analysis of
many experimental data on reinforced concrete members, which is expressed as a
linear function of the maximum deformation and the effect of repeated cyclic
loading.

(5-1)

Where,
D: damage index.
0, maximum deformation under earthquake.
o,: ultimate deformation under monotonous loading.
Q,: calculated yield strength.
dE: incremental absorbed hysteretic energy.
[3: non-negative parameter expressing the strength degradation per cycle.

Under elastic response, the value of D should be zero, that is, D=0 means no
damage. On the other hand, D =1.0 signifies complete collapse or total damage.

The calibration of this proposed damage index was done by using the data of
reinforced concrete buildings which were damaged during past earthquakes [8]. In
that report, the relationship between calculated damage index and observed
seismic damage was Indicated, for examples, D=0.4 means repairable damage and
D>0.4 means unrepairable.

On the other hand, Chung et al. [2] proposed another new damage index
which combines a modified Miner's hypothesis with damage modifiers that reflect
the effect of loading history (cf. Fig.5-1).

(5-2)

Where,
i indicator of displacement or curvature level.

Mi'Mﬁ
N'F _—
AM,

M;: moment at curvature level .

: number of cycles to cause failure at curvature level |,
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Fig.5-1 Definition of failure by Chung et al. [2]

M,: failure moment for given curvature level ¢,.

AM.: strength drop due to one load cycle at curvature level .
n.: number of cycles actually applied at curvature level .

o, 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 x20cm (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 ¢6mm vertical
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Fig.5-2 Dimensions of specimens and details of cross section

stirrups (fsv=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,)
As transverse reinforcement arranged within the potential plastic hinge

=1i)i=



region, $6mm hoops (fs,m=49kgffcrn2) were used. p, is defined as below.

volume of one transverse hoop
Pe= X100 (%) (5-3)
volume of core concrete confined by
one transverse hoop

In principle, four levels of p_-value, that is, 0%, 0.63%, 1.25% and 2.50%,
were adopted here. However, the actual values ranged from 0% to 2.80% in the
tested specimens.

(2) Mechanical degree of prestress (i)
Mechanical degree of prestress is defined as below.

A f
y e 3. (5-4)
Apfpy+A5fsy

Where,
Ap: area of prestressing steel.
A.: area of non-tensioned deformed bar.
f,, yield strength of prestressing steel.
f.: yield strength of non-tensioned deformed bar.

sy

As the value of A, three levels, that is, 0.4, 0.7 and 1.0 were selected. A=1.0
means fully prestressed concrete. However, this value becomes somewhat smaller
considering ¢6mm mild bars used for set up of hoops and stirrups. The value of A is
also affected by the actual yield strength of prestressing steels and non-tensioned
deformed bars. Therefore, the actual A-values ranged from 0.43 to 0.94 in the
tested beams.

(3) Steel index (q)
Steel index is defined as Eq.(5-5).

Af Af
9=q,+Q = ——— 4 —— (5-5)
bdf,  bdf,

—=102—=

Where,
b: width of cross section.
d,: effective depth of prestressing steel.
d,: effective depth of non-tensioned deformed bar.
f .. compressive strength of concrete.

In the tested beams, the actual g-values ranged from 0.216 to 0.445.

(4) Compressive strength of concrete (f' )

In almost all the specimens, design compressive strength of concrete was
chosen as 400kgficm?®. In some specimens, however, high strength concrete of
f’c=800kgffcm2 was used in order to investigate the effect of concrete strength.

(5) Shear span - effective depth ratio (a/d)

Many of the specimens were tested under symmetrical two-point load with
shear span length of 60cm and flexural span length of 20cm. This corresponds to
the shear span - effective depth ratio of approximately 3.5. However, in order to
investigate the effect of shear span - effective depth ratio, another levels of a/d
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 ratio of the specimens moved from 2.33 to 3.77.

5.3.3 Loading Histories

It is indicated that loading histories have large influences on the energy
dissipation properties of reinforced concrete members [17]. Therefore, four different
loading histories were applied to the specimens and the effects of the above test
variables under different loading histories were investigated. Details of each loading
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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Fig.5-3 Applied loading histories

amplitude was gradually increased such as =9, ~20, =30, --- Up 10 the
deflection amplitude where the load carrying capacity was reduced to 80% of the

maximum load (9,).

(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 -9, to - 6y. 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 =6, and then gradually
decreased. The sum of the applied deflection amplitude of Series-C was also equal

to that of Series-A.

—104—

(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, 10-15]
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 (E ) 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 E, 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 (E,) is defined in this study as follows,

Ed
E, s ————— (5-6)
P

ycal “ycal

Where, Pycal and 6yca, 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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Fig.5-4 Effects of p, on E;-value of Series-A beams

5.4.2 Effects of Test Variables on the Energy Dissipation of Series-A Beams

(1) Effects of volumetric ratio of transverse hoops (p,)

Fig.5-4 shows the effects of volumetric ratio of transverse hoops (p.) on the
energy dissipation of Series-A beams, in which the horizontal axis indicates non-
dimensional applied deflection amplitude (bf’f'ycm) and the vertical axis shows non-
dimensional dissipated energy (E,) at each deflection amplitude.

As seen in Fig.5-4, E /-value increases almost linearly with increasing
applied deflection amplitude within the range in which the applied deformation is
relatively small and its increasing ratio is almost the same irrespective of the p.-
value if the other test variables are the same. E-value of the beam with a smaller
p,-value, however, stops increasing or commences to decrease at a smaller
deflection amplitude. This is due to that the beam with a smaller p_-value showed a
remarkable strength degradation at smaller deflection amplitude, resulting in a lower
energy dissipation after that. In other words, the point from which the E -value
does not increase linearly can be related to a remarkable strength reduction point,
that is, the ultimate state of a beam.

(2) Effects of mechanical degree of prestress (i)

Fig.5-5 shows the effects of mechanical degree of prestress (A) on E, -
values. '

As seen in this figure, the E /-value at the same deflection amplitude
becomes smaller with increasing A-value. This is due to that, as previously
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Fig.5-5 Effects of A on E;-value of
Series-A beams (p,=2.5%)

Fig.5-6 Effects of f_on E -value of
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reported, the area surrounded by each hysteresis loop becomes smaller with
increasing A-value. It is also indicated that the deflection amplitude at which the
E,-value stops increasing is smaller in the beam with a larger A-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 )

Fig.5-6 shows the E /-values of the beams with different compressive
strength of concrete.

The E,-value of the beam of f =400kgf/cm? is somewhat larger than that of
the beam of f'¢=800k<_:;f/cn'12 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 A-values of these two beams, the
effect of compressive strength of concrete is supposed to be smaller compared with
those of volumetric ratio of transverse hoops and mechanical degree of prestress,

(4) Effects of steel index (q)

In Fig.5-7 is shown an example of the E-values of the beams with different
steel index, that is, q=0.257 and 0.434,

As indicated in this figure, the E-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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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 E /'-values of the beams loaded under different a/d

ratios.

As indicated in Fig.5-8, the E /-value at the same non-dimensional
deflection amplitude is almost the same irrespective of the a/d ratio. This result
implies that the effects of a/d ratio on the non-dimensional dissipated energy is
small if the beams are designed to fail in flexure even when loaded under a smaller
a/d ratio within the range of 2.33-3.77 adopted in these tests.
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5.4.3 Energy Dissipation Properties under Different Loading Histories

From the results of Series-A tests, it can be observed that the effects of
compressive strength of concrete, steel index and shear span effective ratio 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 accumulation process of non-dimensional
dissipated energy until the ultimate state under different loading histories Is
discussed here mainly in the light of the effects of mechanical degree of prestress
and volumetric ratio of lateral confinement.

(1) Series-A

In Fig.5-9 are shown some examples of load - deflection (P-d) hysteresis
loops of Series-A beams, and in Fig.5-10 are shown the relationships between
non-dimensional dissipated energy (E,) and normalized applied deflection
amplitude (b/éycal) of Series-A beams, in which the calculated values derived from
the regression analysis as mentioned below are also indicated.

As previously mentioned, E-value of each Series-A beam increases almost
linearly with increasing applied deflection amplitude up to the ultimate state. This is
mainly because larger energy is required for the occurrence of new cracks and their
extension, debonding between steel and concrete, elongation of steels at the
cracks, and so on than that required at previous cycle under the gradually increased
applied deflection amplitude. Considering this result, the relationship between E
and d/d,., can be expressed by a linear function as shown below.

o
—)+f (b?‘-ﬁycal}

ycal

Ba= (5-7)

The relationships between coefficients «, 3 and A are shown in Fig.5-11-(a)
and (b), respectively. As indicated in these figures, coefficients a and § in Eq.(5-7)
are supposed to be in linear function of A although some scattering of data is

observed and can be expressed by Eq.(5-8) from the regression analysis of test
data,

=-2.43)+3.25, PB=4.17A-4.15 (0.4322.20.94) (5-8)
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E,-values of Series-A beams

p,-value scarcely affects the values of the coefficients «,  although the
deflection amplitude at the ultimate state (5 ) is dependent on the p.—value,

Fig.5-12 shows the relationship between measured and calculated E,-
values at each deflection amplitude for a total of 66 Series-A beams. As indicated
in Fig.5-10 and Fig.5-12, the calculated values derived from Eq.(5-7) and Eq.(5-8)
coincide well with the measured values. In some beams with larger A-values,
however, difference between measured and calculated E,-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

Fig.5-13 shows some examples of P-o hysteresis loops of Series-B beams
and in Fig.5-14 are shown the relationships between E and 9o/d o of Series-B
beams together with the calculated ones. In Series-B, E -value Is found to
decrease almost quadratically when the applied deflection amplitude is gradually
decreased from *d,. This is because new cracks did not occur in the deflection
amplitudes smaller than o, under gradually decreased applied deflection
amplitudes, resulting in smaller dissipated energy than that of corresponding
Series-A beam compared at the same deflection amplitude. Therefore, the
relationship between E; and /o, can be set as Eq.(5-9).

2 028, (5-9)

bycal

The value of the coefficient y is affected by A-value and the maximum
deflection amplitude applied at the first cycle (5, .,). Fig.5-15 shows the relationship
between the coefficient y and o_../0, . As indicated in this figure, y-value
decreases almost in inverse proportion of hmax;’bycai. As for the beams tested, the
equations below were obtained from regression analysis of experimental data.

byca!

y=1.494(— )+0.083 (for ».=0.46) (5-10)
max
E3\;c:al

','=1A488(b\ )+0.038  (for 1=0.71) (5-11)
max
by'c:m

v=0.879(——)+0.036  (for 1=0.87) (5-12)
0

max

Fig.5-16 shows the comparison of the calculated E/-values at each
deflection amplitude, which were derived from Eq.(5-9)~(5-12) for a total of 19
Series-B beams, with the measured ones. As seen in this figure, the calculated
E,-values coincide well with the measured one although scattering of data is
somewhat larger compared with the case of Series-A. As indicated in Fig.5-14, the
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agreement between the calculated and measured values of the beams with A=0.87
is not so good compared with the cases of A=0.46 and 0.71. This is mainly due to
that the relative reduction ratio in E'-values from the first cycle to the second one
tends to become larger with increasing A-values, while the quadratic reduction
process is assumed in the calculation irrespective of A-values.

(8) Series-C

Fig.5-17 and Fig.5-18 show P-d and E;-0/5, ., relationships of Series-C
beams, respectively. As indicated in Fig.5-18, E'-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 during the deflection
decreasing process resembles that of Series-B beams. In Fig.5-19 are compared
the calculated E,'-values with the measured ones for the 9 Series-C beams. These
values coincide well with each other. Therefore, E '-value of Series-C beams can
be expressed by the linear function of b/byca] within the deflection increasing region
and by the quadratic function of o’;’oycal within the deflection decreasing region.
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(4) Series-D

In Fig.5-20 are shown some examples of load - deflection hysteresis loops
of Series-D beams. Fig.5-21 shows an example of the ratio of non-dimensional
dissipated energy at the n-th cycle (E;(D(n))) of each deflection amplitude to that at
the first cycle (E,(D(1))). Fig.5-22 also shows the ratio of non-dimensional
dissipated energy at the first cycle of each deflection amplitude of Series-D beams
(E4(D(1))) to that of corresponding Series-A beams at the same deflection
amplitude (E'(A)).

As shown in Fig.5-21, E/~value at the same deflection amplitude decreases
with increasing number of load repetition. At the deflection amplitude of o, Ei=
value at the second cycle is reduced to 60~-80% of that at the first cycle. After ten
load repetitions, E /~value becomes 40-60% of that at the first cycle.

Almost the same tendency can be observed at the deflection amplitude of
20, although the reduction ratio after ten load repetitions is somewhat smaller
compared with the case of 6y. At the deflection amplitudes of more than Sby, on the
other hand, the reduction property in E /~values is somewhat different from that
observed at o, and 26y. in that the reduction in E,-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 is supposed to be that the energy required 10
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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
few extensive cracks at this stage and constituent materials are in the state of
slightly beyond their elastic range. At the deflection amplitudes of more than 30, on
the other hand, larger energy is required even after the second cycle because
crushing of concrete and debonding between concrete and steels are accelerated
by the repeated cycles, and energy is also dissipated by the friction 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,
Séy. E,-value begins to decrease remarkably with repeated cycles.

At the deflection amplitudes of more than 2()y up to the ultimate state, E -
value of Series-D beams at the first cycle of each deflection amplitude is 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 s
influenced by the preceding load repetitions at smaller deflection amplitudes.

From the above mentioned results, E -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, E /~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, it 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 E /-value of Series-D 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-D beams.

(@) In case of a:ay
E/(D(1))=E,'(A) (5-13)

0.2
E,(D(n))=0.7E,(D(1))- —B—(n-z) 2<n=10) (5-14)

=Hipp=

(b) In case of d=20,
E,(D(1))=0.83E(A) (6-15)

0.1
E4(D(n))=0.8E,(D(1))- —8—(n—2) (2=n=10) (5-16)

(c) In case of o 30,
E,(D(1))=0.83E(A) (5-17)

E4(D(n))=0.95E /(D(1))- (n-2) (2=n=10) (5-18)

Where,

E, (D(1)): non-dimensional dissipated energy at the first cycle of each

deflection amplitude.

E,(D(n)): non-dimensional dissipated energy at the n-th cycle of each

deflection amplitude.

E4 (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.5-23 shows the comparison of the calculated E -values with the
measured ones. In Fig.5-24 are also shown the relationship between the measured
and calculated E-values for totally 29 Series-D beams at all deflection amplitudes
and repeated cycles.

As shown in Fig.5-23, calculated E,-values coincide well with the measured
ones within the range of 6= 30 g while tend to underestimate the measured values
at the deflection amplitude of more than 49. This is mainly due to that E /-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.5-10. However,
the difference between measured and calculated E,-values are relatively small as
shown in Fig.5-24 and E'-values of Series-D beams can be well estimated by the
above mentioned method.

=)=



n {cycle)

80 T T [ | ™1 ] !
e — é"d)c) 5
8 70 | O: measured &y
- | 03 calculatecl,I
Sl 0. =
=)
= 50} .
40 B 0 ]
3.0 Q‘:m 4
2
20 % =
10} oy : 20y 30y 4dy 56y
Om'llII|IInull-4ll'.ilijli|:||-|i
1 10 1 10 1 10
1 10 1 10
Fig.5-23 Example of changes of measured and calculated E,-value
(A=0.70, p.=2.66%)
00
o B
B
2
10 12 14
Ed‘ell.
Fig.5-24 Relationship between measured and calculated

E,-values of Series-D beams

a7

120

" R W 4
. o
100 | s |
40 ® 8t ]
—_— ¢ A=
# ® : Series-A < | 30| @ : Series-A LT i 6 |
A : Series-B 5 A : Series-B
s0l- | M : SeriesC . M : SeriesC A u
Py X
s 20} AN 4t 4
40 4 \\ e \
20 10+ 2t .
0 1 L L ' L L L 'l I 0 1 'l L L I e 'S 'S 0 L i 'l "
01234567829 101112 gRLr 2 3 5 & 78 9710 0 1 2 3 4 5
dofloction, 5/ dofioction, 3/5 e defloction, /8,y
(a) .=0.46 (b) A=0.71 (c) A=0.87
Fig.5-25 Effects of loading histories on XZE ' (p,=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 (ZE ',
4=0.46, the value of ZE , 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-d hysteresis
loop and reduction in dissipated energy. While in the beams with higher i-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 partialy
prestressed concrete beams is supposed to hecome smaller with increasing A-
value.

) is different according to A-value. In case of
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5.4.5 Non-dimensional Total Dissipated Energy until the Ultimate State

In Fig.5-26 and Fig.5-27 are shown the effects of mechanical degree of
prestress (i) and volumetric ratio of transverse hoops (p,) on the non-dimensional
total dissipated energy until the ultimate state (ZE ) in Series-A beams,
respectively. The value of ZE, , decreases with increasing A-value and can be
assumed to be almost in inverse proportion to A-values when p_-value is constant.
On the other hand, ZE, , ~value increases with increasing p -value, and quadratic
function can be assumed between XE,', and p, under a constant A-value. It is also
found that the effectiveness of transverse hoops on the improvement of energy
dissipation properties is dependent on A-value. From these results, ZE, , —value

can be expressed by Eq.(5-19).

2

1 p“°‘)+c| (5-19)

TE =ap52+b(z}+c(

d it

The values of the coefficients, a, b, c and d should be estimated separately
for Series-A beams and Series-D beams, respectively, because ZE| , -values of
Series-D beams are substantially different from those of Series-A beams due 10
ten load repetitions at each deflection amplitude, resulting in larger ZE/ , -values.
On the other hand, the values of these coefficients estimated for Series-A beams
are supposed to be applicable to Series-B and Series-C beams because the total
dissipated energy until the ultimate state is not remarkably different among Series-

=122~

A, B and C beams although ZE, , -value of Series-B beam is a little smaller
compared with that of Series-A and Series-C beam.

As for the coefficients, a, b, cand d, for Series-A beams, the following
values were obtained from the regression analysis of test results.

a=-5.52, b=382.48, c=7.44, d=-35.20
(Standard deviation of ZE, . Was 13.52.)

On the other hand, the values of these coefficients for Series-D beams were
estimated as below from experimental data.

a=-29.39, b=45.69, ¢=30.28, d=-46.44
(Standard deviation of E/' , was 24.01.)

Each calculated value of the non-dimensional total dissipated energy until
the ultimate state obtained from Eq.(5-19) (ZE4' it capy) I8 indicated together with the
measured one (ZE,, .. in Fig.5-28 and Fig.5-29 for Series-A and Series-D
beams, respectively. As seen in these figures, IE, , —values are supposed to be
estimated to a certain extent. However, the difference between the measured and
the calculated ZE, , -values is relatively large in Series-A beams as indicated in
the value of standard deviation of 13.52. This is mainly due to that only the effects
of volumetric ratio of transverse hoops and mechanical degree of prestress are
considered in the calculation processes and also that the ultimate state defined in
this study does not always represent the real ultimate state of each specimen.

On the other hand, in Fig.5-30-(a)~(d) are shown the relationship between
2B i (mea)Values and X(E, ), -values of Series-A, B, C and D beams
réspectively, in which the Z(E, ), IS expressed by the sum of the calculated =
value (E,,) ateach deflection amplitude derived from Eq.(5-7)-Eq.(5-18) up to
the ultimate state of each specimens. In these cases, Z(E,.q) ~Values coincide
very well with the corresponding ZE mea)—values. This implies that non-
dimensional total dissipated energy until the ultimate state can be well estimated by
using Eq.(5-7)~Eq.(5-18) if the loading history 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 criterion for repair and
strengthening of damaged concrete structures or members. As for the index
representing the seismic damage, for example, damage index proposed by Park et
al. [1] is well known. Here is discussed the possibility of the evaluation of seismic
damage based on hysteretic dissipated energy.

Here, the damage index (D) in this study is defined as Eq.(5-20). DI=0
represents no damage and DI=1.0 means that a member reaches its ultimate state,
for example in this study, when the load carrying capacity at given deflection
amplitude reduces to 80% of the maximum ultimate load.

ZE

Dla——— = (5-20)

}"Ed ult

Where, ZE/ , Is the non-dimensional total energy which can be dissipated
by a member until the ultimate state under a given loading history, and ZE ' is the
accumulated non-dimensional energy dissipated actually during the loading.

5.5.2 Application to Experimental Results

SE,-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, it 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 ZE ., on the other hand, it is very difficult to estimate a true and accurate
value of each member because ZE, , -value of a member is affected by too many
factors and will be different according to the applied loading histories as mentioned
previously. However, the approximate value of DI can be obtained if the ZE; -
value of a member can be estimated with a certain accuracy.

Considering that the ZE,, -values of Series-B and Series-C beams are
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almost equal to those of Series-A ones, ZE, i cay—Values obtained from Eq.(5-19)
for Series-A beams can replace the real XE, , -values of Series-A, B and C
beams. As for Series-D beams, on the other hand, ZE ' (ca)—Values obtained from
Eq.(5-19) by using different values of coefficients from Series-A should be used.

Di-value for each beam at the respective ultimate state was calculated by
using Eq.(5-20) by replacing ZE; , with ZE, i cay Obt@ined from Eq.(5-19). In
Fig.5-31 are shown the results. As shown in this figure, a high degree of scattering
(C.0.V.=0.454) in DI-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.0.V=0.5) [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 DI 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 is
accumulated by ten load repetitions at each deflection amplitude, resulting in
réaching 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, Dl-value does
not reach 1.0 even at the end of loading. This is due to that the value of ZE. , ..
calculated by Eq.(5-19) may be larger than the actual value.

As previously mentioned, non-dimensional total dissipated energy until the
ultimate state is affected by not only the test variables adopted in this study but also
some other factors. Therefore, further investigations on the energy dissipation
properties should be necessary in order to establish the evaluation method for
seismic damage of concrete structures based on hysteretic clissipated energy.

5.6 CONCLUSIONS OF CHAPTER 5

In this chapter, the effects of various test variables on the energy dissipation
properties of partially prestressed concrete beams including ordinary prestressed
concrete ones are investigated. In addition, an example of damage index based on
hysteretic dissipated energy is proposed based on the experimental results. Main
conclusions obtained in this chapter are as follows.

(1) Energy dissipation properties of partially prestressed concrete beams are
affected mainly by volumetric ratio of transverse hoops and mechanical degree of
prestress. The effects of compressive strength of concrete, longitudinal steel index
and shear span effective depth ratio are relatively small compared with those of
volumetric ratio of transverse hoops and mechanical degree of prestress.

(2) Non-dimensional dissipated energy, which is normalized by the product of
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calculated yield load and yield deflection, of partially prestressed concrete beams is
also influenced by the applied loading histories. The value of non-dimensional
dissipated energy at each deflection amplitude can be expressed by a linear
function of the applied deflection amplitude within the deflection increasing process,
and by a quadratic one within the deflection decreasing process. The value of the
coefficients in these functions are dependent mainly on the value of mechanical
degree of prestress.

(38) Non-dimensional dissipated energy at the same deflection amplitude decreases
with repeated cycles. Its decreasing ratio is affected by the applied deflection
amplitude and number of repeated cycles.

(4) Non-dimensional dissipated 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 s
aimost equal if the sum of the applied deflection amplitude is the same, although it
tends to be somewhat smaller in case of smaller mechanical degree of prestress
under gradually decreased deflection type loading as Series-B.

(6) Non-dimensional total dissipated energy until the ultimate state of partially
prestressed concrete beams increases with increasing volumetric 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
certain extent by a function of mechanical degree of prestress and volumetric ratio
of ransverse hoops.

(7) Degree of damage of partially prestressed concrete beams under reversed
cyclic loading can be expressed quantitatively by the damage index based on the
hysteretic dissipated energy as indicated in this study. However, further
Investigations 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 seismic 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 seismic damages in
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, it 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 in concrete structures.

From this view point, energy dissipation properties of partially prestressed
concrete beams were investigated in Chapter 5 and the accumulating process of
dissipated energy under different loading histories was made clear in quantitative
sense.

As for the reinforced concrete beams, however, their 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 yielding 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 dissipation
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 hysteretic dissipated energy.

In this chapter, investigations are done on the effects of longitudinal
reinforcement ratio and shear reinforcement ratio on the energy dissipation
properties of reinforced concrete beams under different loading histories. In
addition, the idea of damage index indicated in Chapter 5 is also applied to the
experimental results of reinforced concrete beam specimens and 1/3 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 Dissipation of Reinforced Concrete Members

In order to use hysteretic dissipated energy as an indicator of seismic
damage of concrete structures, the total dissipated energy must somehow be
normalized so as to compare the resuits from different test specimens.

As indicated in Chapter 5, there have been few researches which dealt with
the energy dissipation properties of reinforced concrete members in a quantitative
sense.

Darwin et al. [1] normalized the energy dissipation capacity of a member with
respect to the elastic energy stored in the member at yielding. This normalized
value is expressed by "Energy Dissipation Index" defined as below,

£
0.5P, A, [1+(A /A )]

D, (6-1)

Where,
D;: Energy Dissipation Index.
Py: yield load in the strong direction under reversed load.
A,: yield deflection in the strong direction.
A,: area of reinforcing steel in the strong direction,
A area of reinforcing steel in the weak direction.
E: total energiz dissipated by a member during loading.

In case of A=A, D, represents the same meaning as EEd'mI adopted in
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Chapter 5.

In general, longitudinal reinforcement ratio, transverse reinforcement ratio,
compressive strength of concrete, shear span - effective depth ratio, arrangement
of longitudinal and transverse reinforcement, axial force, loading histories, loading
rate, and so on are considered as the factors having influences on energy
dissipation of reinforced concrete members.

Darwin et al. [1] also indicated that D -value of reinforced concrete members
were mainly influenced by three factors, which are maximum applied shear stress,
concrete strength and transverse steel capacity. They proposed the following
equation representing the relationship between D-value and these three factors
from the analysis of the different experimental data [2~7].

(v Jes

S C

D= 222

=1/ (6-2)

1.5
Vm

Where,
V,: maximum shear stress (=V, /bd).
V- nominal shear stress provided by shear reinforcement (:Awfwfbs).
V,,: maximum shear force.
b: width of web.
d: effective depth.
A, area of stirrup.
fwy: yield strength of stirrup.
S: spacing of stirrups.
f.: compressive strength of concrete.

They recommended a value of D, =35 for reinforced concrete members in
order to provide adequate performance under cyclic loading.

Uomoto et al. [8] indicated that the accumulative dissipated energy of
reinforced concrete beams up to rupture of longitudinal steel showed almost the
Same value irrespective of applied deflection amplitude and deformation histories if
the failure mode was the same among the specimens.

_ On the other hand, Kawashima et al. [9] reported the effects of applied
loading history on the total dissipated energy of reinforced concrete bridge pier
Mmodel specimens. They indicated that the total dissipated energy under gradually
decreased deformation type loading became approximately 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 aithough the effects of various factors should be
considered.

6.2.2 Assessment of Seismic Damage Using Damage Indexes

Some results have been reported as for damage assessment of reinforced
concrete structures and members using damage indexes proposed in recent years.

Park et al. [10] related the calculated value of their damage index to the
observed seismic damage during past earthquakes. They divided the degree of
damage into five classes, that is, slight, minor, moderate, severe 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 descriptive damage, that is, safe,
slightly damaged, damaged and critically damaged, and each calculated damage
function and damage index was investigated. The results showed that both of
Stephen's damage function and Park's damage index correlated well with
descriptive damage although considerable scattering was observed at higher
damage levels, especially at the level of critical damage.

These researches indicated that these damage indexes could be reasonable
and potentially effective measures of the damage conditions of reinforced concrete
structures. However, it was also indicated that the available data were considered 10
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
Specimens tested are reinforced concrete beams having a rectangular cross

section of width x full depth = 10 x 20cm and a total length = 160cm as shown N
Fig.6-1. Three levels of longitudinal reinforcement ratio (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
selected. The reason to select shear reinforcement ratio as a test variable instead of
volumetric ratio of lateral confinement is that the final failure mode of reinforced
concrete members under reversed cyclic loading is affected by the shear resistance
of concrete rather than the compressive ductility of concrete. The value of
p,,=0.63% corresponds to the minimum required one prescribed in JSCE Standard
Specification for Design and Construction of Concrete Structures [13]. Compressive
strength of concrete (f' ) was 400kgf/cm? for all of the specimens. The yield strength

of longitudinal bars and stirrups was approximately 35kgf/mm? and 50kgf/mm?,
respectively,

6.3.2 Loading Histories

_ All of the beams were simply supported and loaded under symmetrical two-
point load with a/d=3.4 (a: shear span length, d: effective depth). Two types of
loading histories were adopted. The one (Series-A) was reversed cyclic loading
with each one load reversal at gradually increased deflection amplitude of :by,
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at each gradually increased deflection amplitude. These loading histories are
schematically shown in Fig.6-2.

6.4 RESULTS OF TESTS AND DISCUSSIONS [12]
6.4.1 Definition of the Ultimate State and Non-dimensional Dissipated Energy

It is necessary to define the ultimate state of members when the seismic
damage of concrete structures should be evaluated. In this chapter, the same
ultimate state as defined in Chapter 5 is adopted, that is, the point at which the
reduction in load carrying capacity from the maximum load reached to 20% of the
maximum load.

Non-dimensional dissipated energy ateach deflection amplitude (E;) as
defined in Chapter 5 is also used in this chapter in order to eliminate the effect of
difference in the maximum load carrying capacity among each specimen. Non-
dimensional total dissipated energy until the ultimate state (ZE,' ) was calculated
by summing each E -value up to the uitimate state. In this case, the energy
dissipated within the cycle at which the member reached its ultimate state IS

included in the ZE ', ~value.

i e

6.4.2 Energy Dissipation in 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 (E4) at each deflection amplitude.

E,-value increases almost linearly with increasing deflection amplitude until
the ultimate state, where the E,-value begins to decrease. The increasing ratio of
the E, -value is influenced by the longitudinal reinforcement ratio, p, and it becomes
smaller with increasing p-value, while the effect of the shear reinforcement ratio is
not significant.

All of the beams tested failed finally in shear after yielding 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 E,-value
begins to decrease becomes larger with increasing shear reinforcement ratio, p,,. In
other words, shear reinforcement ratio determines the deflection amplitude at the
ultimate state of reinforced concrete members subjected to load reversals well into
the post-elastic range, as volumetric ratio of transverse hoops for Ilateral
confinement does in case of partially prestressed concrete members. These facts
imply that the predominant factor which determines the ultimate state of a member
Is different according to its 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 Series-B, the energy dissipated in the first cycle at each
deflection amplitude is affected by the previous load cycles. The ratio of

E,/(B(1))/E/(A), where E 4 (B(1)) is non-dimensional energy dissipated at the first
Cycle at each deflection amplitude in Series-B beams and EJ(A) is non-
dimensional energy dissipated in the corresponding deflection amplitude of Series—
A beams, decreases approximately linearly with increasing deflection amplitude as
seen in Fig.6-6, although scattering exists in the experimental data. This
decreasing ratio is affected by the shear reinforcement ratio and becomes larger
with decreasing p,~value. In this case, the effect of longitudinal reinforcement ratio
IS not significant.

From these results, the following equation representing the relationship
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between E/(B(1)) and E/(A), which is a function of shear reinforcement ratio and
applied deflection amplitude, was obtained.

E,(B(1)) 5

=1-[n(—
E. (A d

)-1] (6-3)

d y

Where o is more than o, and v is a parameter affected by shear reinforcement ratio.

In this study, n=0.112, 0.082 and 0.056 was obtained for p =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 E/(B(n))/E,(B(1)), where E(B(n)) is non-dimensional
dissipated energy in the n-th cycle at each deflection amplitude, decreases with
increasing n-value as shown in Fig.6-7. This decreasing ratio is influenced by the
given deflection amplitude. At the deflection amplitude of b:by, the E'-value at the
fifth cycle reduces to approximately 20% of that at the first cycle. At the deflection
amplitude of more than 20, on the other hand, the E /-value at the fifth cycle
reduces to at most 80% of that at the first cycle. In this case, the effects of

=Tl A=

16TT!Ir'll_Tl|FlIF]F{I’T|[ITI$JIIITIT[

- q -.o
= ) O : measured R N
ES e+ caloulated B f "9 '
-E :‘:3 12 % ?o f o
2> 101 ognd N8 -
25 g %0 3
52 ¢ 1
41 oo -
21 =]
oy 1 28y ! 35y | 48y ! 58y ; 65y ; 10y
0 | I 1A 244 ¢ £151 el R == S | -kl
1 5 1 5 1 5 1 5
1 5 1 5 1 5 n (cycle)
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longitudinal reinforcement ratio and shear reinforcement ratio are not significant.
From these results, the relationship between E (B(n)) and E,(B(1)), which is
given as a function of the number of the repeated cycles, were obtained as below.

E,(B(n) n-1 |
e O (6=0,) (6-4)
E,(B(1)) 4

(6=25) (6-5)

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 E,-values of a Series-B beam, where the latter is obtained from
Eq.(6-3) to Eq.(6-5) using the E,-values of the corresponding Series-A beam.
This figure indicates that the E4-values in Series-B beams can be well estimated
by using the proposed equations if the energy dissipation properties under the
fundamental loading process, in this case such as Series-A, is given.
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6.4.4 Total Dissipated Energy until the Ultimate State

Fig.6-9 and Fig.6-10 show the effects of the longitudinal reinforcement ratio
and the shear reinforcement ratio on the non-dimensional total dissipated energy
until the ultimate state (ZE, , ) of Series-A beams, respectively.

ZE, , -value decreases with increasing p-value, while its decreasing ratio
reduces with increasing p-value. On the other hand, ZE, , -value increases with
increasing p,-value, although its increasing ratio decreases with p -value. These
tendencies are also observed in Series-B beams. From these results, the equation
representing the XE, ,-values of the beams is proposed as Eq.(6-6) assuming
that £E, , -values are in inverse proportion to longitudinal reinforcement ratio and
expressed by a logarithmic function of shear reinforcement ratio.

1 1n(1+pw)
)+C*
p &

+d (6-6)

ZE,  =a*In(1+p,)+b*(

Where, p and p,, are in percent, and a, b, ¢ and d are experimental coefficients.
From the regression analysis of the experimental data, the values of the
coefficients were obtained as a=44.54, b=123.27, ¢=266.89 and d=-69.89 for
Series-A beams and a=449.50, b=205.93, c=-116.78 and d=-171.35 for Series-B
beams. The ZXE/ , -values calculated by Eq. (6-6) are compared with the
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measured ones in Fig.6-11. This figure indicates that the ZE -values of Series-A
and Series-B beams can be well estimated by the proposed equation, although the
number of used data is 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
2E,  ~value of a member is essentially different according to the loading histories
as seen in this study. In Chapter 5, therefore, hysteretic damage of a partially
Prestressed concrete member was evaluated by using respective ZE, , -value
corresponding to each loading history, However, that idea needs the estimation of
several ZE, , —values corresponding to different loading histories and is not rational
in a sense. From these reasons, the following assumption is introduced in order to
evaluate the damage of a member subjected to different loading histories as
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adopted in Series-A and B.

When a member is 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-dimensional dissipated energy, the above
assumption can be expressed by the following equations.

E,(n)=f(n)"E,(n) (6-7)

1+n(k-1)

(6-8)

K

Where, E/'(n) Is the modified non-dimensional dissipated energy at the n-th
loading cycle of the same deflection amplitude, f(n) is the damage reducing factor
for the n-th cycle and x is an experimental coefficient.

Here, the index evaluating the seismic damage is defined as

SE,'(n)

et DA (6-9)
SE {4 (A

Dl=

where, £E, (A is the non-dimensional total dissipated energy until the ultimate
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 history, such as Series-
A, is already known.

6.5.2 Application to Experimental Resuits

Damage index, DI, of Series-A and Series-B beams at each deflection
amplitude was estimated by using Eq.(6-7)~(6-9). In this case, Eq.(6-6) was used
for calculating the value of ZE ', (A) in Eq.(6-9).

As for the value of the coefficient k, xk=1.1 for p=2.26% and x=1.9 for
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Fig.6-12 Example of the changes of DI  (p=1.43%, p,=1.26%)

p=1.43% was obtained in this study considering that the value of DI became 1.0 at
the ultimate state of each specimen.

An example of the changes of DI in Series-A and Series-B beams is shown
in Fig.6-12. It is 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 Series-B beams failed 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 [14].

(1) Details of specimen and loading method

The size of the specimens (No.1 and No.2) is shown in Fig.6-13. They had a
same rectangular cross section of width x full depth = 116.7 x 100 cm and a total
height of 480 cm. The dimensions of this specimen were reduced precisely to 1/3
scale of those of standard bridge pier designed at Hanshin Expressway Public
Corporation according to the law of similitude in order to eliminate the size effect.
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Fig.6-13" Dimensions of bridge pier model specimens [14]
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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 longitudinal steel
at the height of 216 cm, while No.2 at the height of 123 cm from the face of footing.
On the other hand, shear reinforcement ratio was 0.326% irrespective of the
specimens. Compressive strength of toncrete was 283kgf/lcm® and the yield
strength of longitudinal steel and transverse steel was 38.3kgf/mm? and
32.4kgf/mm?, respectively.

These specimens were subjected to reversed cyclic horizontal loads at the
height of 450cm from the face of footing. The applied deflection amplitude was
gradually increased as - 9,, - Qby. : Séy. ——- and ten load repetitions was applied at
each deflection amplitude. During the loading test, constant axial force of 160tonf
(0=13.7kgflem?) corresponding to the dead load of superstructures was provided

by four unbonded prestressing bars.

(2) Summary of test results

In Fig.6-14 are shown the load - deflection hysteresis loops of the
specimens No.1 and No.2. In addition, in Fig.6-15 are shown their final failure
modes. The specimen No.1 falled ultimately in flexure within the region near the
face of the footing while the specimen No.2 failed in flexure within the cut-off zone
of longitudinal steel, The summary of the visual change observed in the specimens
during loading test is as follows.

(@) No.1 specimen

1) P=35.5tonf Flexural cracking.

2) b=by Flexural cracks at mid-height of the specimen turned to
diagonal cracks.

3) b=26y Diagonal cracks were observed in the bottom region
near the footing face.

4) i‘:u:ﬂ»&y Maximum load (121 tonf). Tendency of reduction in load

carrying capacity due to load repetition, Spalling of
cover concrete.

5) i’:i=5é':y Remarkable reduction in load carrying capacity.
Significant spalling of cover concrete. Partial rupture
of longitudinal steel.

6) =60, Further reduction in load carrying capacity.
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Fig.6-16 Changes of E -value with repeated cycles

(b) No.2 specimen
1) P=13.3tonf
2) 0=0,

Flexural cracking.

Flexural cracks at the cut-off zone turned to diagonal
cracks.

Maximum load (105 tonf). Remarkable reduction in load
carrying capacity due to load repetition. Spalling of
cover concrete and buckling of longitudinal steel within
the cut-off zone.

Further reduction in load carrying capacity. Partial
rupture of longitudinal steel.

Furthermore reduction in load carrying capacity.

3) 0=30,

4) 5=4d,
5) 5=50,

In Fig.6-16 are shown the changes of non-dimensional dissipated energy
(E,) with repeated cycles. At the deflection amplitudes less than 20, E -value of
these two specimens is almost the same and reduction in E'-value with repeated
cycles is not remarkable. In No.2 specimen, however, E —value becomes smaller
with repeated cycles at 0=30, due to the pinching effect in P-d hysteresis loops
according to significant diagonal cracks at the cut-off zone, and E/-value at 0=40,
becomes smaller than that at 0=30,. This implies that No.2 specimen reached its
ultimate state during the loading cycles of approximately =40, . In No.1 specimen,
on the other hand, E,-value increases with increasing the applied deflection
amplitude until =50, although decreases remarkably during repeated cycles at

=] 5%=

0=50,. This means that No.1 specimen reached its ultimate state during loading
cycles at 6:563,. 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 in 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=56y for the specimen No.1 and the first cycle at 0=45, for the specimen
No.2. Damage index, DI, of ‘these specimens at each loading cycle up to the
ultimate state was calculated according to the following procedures.

In this case, ZE/ , (A)-value in Eq.(6-9) was calculated from Eq.(6-6) by
substituting the actual p-value and p,-value of each specimen.

As the value of coefficient k in Eq.(6-8), k=1.1 was adopted because the
longitudinal reinforcement ratio of these specimens (p=2.28%) is almost equal to
that (p=2.26%) corresponding to k=1,1, Eq.(6-8) which gives the damage reducing
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 sixth cycle were estimated by extrapolation up to n=10 in
Eq.(6-8).

The changes of DI in each specimen are shown in Fig.6-17. The calculated
value of DI corresponding to the ultimate state of each specimen is 1.83 for the
specimen No.1 and 0.74 for the specimen No.2. These results imply 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, DI-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. This
implies that DI overestimates the actual damage of the specimen No.1. In case of
the specimen No.2, on the other hand, the value of DI does not reach 1.0 even at
6=46y although significant reduction in load carrying capacity was observed during
loading cycles at 0=3d,, that is, DI underestimated the actual damage of the
specimen No.2.

 These disagreements in the value of DI is supposed to originate mainly from
the differences in final failure mode and some additional factors having influences
on the energy dissipation properties. The specimen No.1 failed ultimately in flexure
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Fig.6-17 Changes of DI

within the region near the footing face, while shear failure after yielding of
longitudinal reinforcement is assumed when deriving the relationships between the
non-dimensional total dissipated energy and the adopted test variables. In addition,
introduced axial stress of approximately 14 kgf/cm? contributes to the increase in
shear resistance of concrete under reversed cyclic loading. Therefore, the actual
IE, . (A)-value of the specimen No.1 is supposed to be larger than that calculated
by Eq.(6-6), resulting in overestimation of DI at the ultimate state. The specimen
No.2, on the other hand, failed ultimately in flexure within the cut-off zone. In this
case, the final failed region is concentrated at the cut-off zone as seen in Fig.6-15
and is much narrower than that of the specimen No.1. This ¢oncentration of failed
region led to the pinching effect in load - deflection hysteresis loops at 0=30,,
resulting in the reduction in dissipated energy. As a result, the actual ZE;  (A)-
value of the specimen No.2 is supposed to be much less than that calculated by
Eq.(6-6) and this led to the underestimation of DI in the specimen No.2.

As mentioned in Chapter 5, high degree of uncertainty exists in considering
the effects of various 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 definition of the ultimate state adopted in Chapter 5 and 6 does not
always reflect the real ultimate state of a member. Although damage evaluation
based on hysteretic dissipated energy, which can consicer the accumulative
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damage due to cyclic loads, is supposed to be very effective, it 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 investigations,
for example, probabilistic approach on the uncertainty of the effects of various
factors on the energy dissipation properties, is necessary.

6.6 CONCLUSIONS OF CHAPTER 6

In this chapter, energy dissipation properties of reinforced concrete beams
are discussed by focusing mainly on the effects of longitudinal 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 specimens. 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 yield deflection, of reinforced concrete beams becomes
smaller with increase in longitudinal reinforcement ratio compared at the same
deflection amplitude. Shear reinforcement ratio, on the other hand, determines the
deflection amplitude at the ultimate state of tested beams subjected to reversed
cyclic loading well into inelastic 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 loading 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 ratio although this relationship has been derived from
limited data.

(4) A new damage index for reinforced concrete members based on hysteretic
dissipated energy has been proposed, in which the damage reducing factor is
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 examined 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 various 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 hysteretic energy dissipation.

The main conclusions obtained in 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 uniaxial loading tests on circular and square
column specimens. In addition, the verification of the proposed model is done by
comparing 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/D ratio). The effects of these factors can be
expressed quantitatively by confining coefficients defined 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 estimation 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. o
For the determination of buckling initiation point of longitudinal bars, the

method which utilizes the separating point in load - longitudinal strain curves of
the region including the buckled zone and the adjacent unbuckled zone, Is
considered to be effective as well asthe method using the gradient of load 1
longitudinal strain curves. The strain at buckling initiation of longitudinal bars is
mainly influenced by spacing of transverse hoops and diameter of bars. Close.r
spacing of hoops of s/D'=0.6 (s: spacing of hoops, D'": minimum leg of a hoop} is
desirable in order to avoid premature buckling of longitudinal bars and attain a
sufficient amount of inelastic deformability until the initiation of buckling. Further
studies are desired as for the buckling of longitudinal bars under reversed cyclic
joads and the load carrying capacity of longitudinal bars after buckling.

In Chapter 4, flexural inelastic deformation properties of partially prestressed
concrete and unbonded prestressed concrete beams using confined concrete in
compression zone of section under reversed cyclic loading are discussed.

The ductility of unbonded prestressed concrete beams as well as partially
prestressed concrete ones can be effectively improved by arranging transverse
hoops as lateral confinement at the spacing of, for example, one-fourth of the
effective depth. Equivalent coefficient of damping of partially prestressed concrete
beams tends to decrease with increasing mechanical degree of prestress.
Equivalent coefficient of damping of unbonded prestressed concrete beams, on the
other hand, is almost equal to that of corresponding bonded ones although the
ultimate flexural strength of the formeris 15%-20% smaller compared with the
latter. Closer spacing of transverse hoops aiso improves elastic recovery of
prestressed concrete beams even within the falling branch region. From the vliew
point of ductility and energy dissipation under reversed cyclic loading, partially
prestressed concrete with mechanical degree of prestress of less than 0.5 Is found
to have the most desirable inelastic deformation properties.

In Chapter 5, effects of various factors on the energy dissipation properties of
partially prestressed concrete beams under reversed cyclic loading are discussed.
Based on the results, a new damage index based on hysteretic dissipated energy 1S
also proposed. '

Energy dissipation properties of partially prestressed concrete beams are
influenced mainly by mechanical degree of prestress, volumetric ratio of transverse
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hoops and loading history. Non-dimensional dissipated energy, which 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 within deformation decreasing process. The value of
coefficients in these functions are mainly determined by mechanical degree of
prestress, while the deflection amplitude atthe ultimate state is dependent on
volumetric ratio of transverse hoops. Non-dimensional total dissipated energy until
the ultimate state can be also represented by a function of volumetric ratio of
transverse hoops and mechanical degree of prestress. The proposed damage
index, which is defined as the ratio of the non-dimensional total dissipated 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 longitudinal reinforcement ratio and shear
reinforcement ratio on the energy dissipation properties of reinforced concrete
beams are investigated. The concept of damage index proposed in Chapter 5 is
also applied to the test results of reinforced concrete beams and 1/3 scale bridge
pier model specimens in order to examine its possibility for seismic damage
evaluation of concrete structures and members.

Non-dimensional dissipated energy, which is defined similarly to Chapter 5,
at each deflection amplitude is affected mainly by longitudinal reinforcement ratio,
while the deflection amplitude at the ultimate state is determined by shear
reinforcement ratio. Non-dimensional total dissipated energy until the ultimate state
can be expressed by a function of longitudinal reinforcement ratio and shear
reinforcement ratio. The proposed damage index can represent the seismic damage
of reinforced concrete members quantitatively. However, some degree of
disagreement still exists between the actual damage and the estimated one due to

the uncertainty of the effects of another factors which are not considered in this
chapter.

~ From the whole results of this thesis, the effects of various factors on the
ductility and energy dissipation properties of reinforced, partially prestressed and
prestressed concrete beams can be predicted quantitatively with a certain accuracy.
The effectiveness of the proposed damage index for seismic 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
thesis. Therefore, further studies concerning about these points are earnestly
desired in order to establish a rational evaluation method of seismic damage of
concrete structures based on hysteretic energy dissipation.
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