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SUMMARY

The experiment was carried out on unbonded prestressed concrete beams and
bonded beams. The test results showed that there was little difference in
hysteretic restoring force characteristics between unbonded and bonded beams. The
fluctuation of tendon stress measured at the anchorage end in bonded beams was 1.5
times larger than that in unbonded beams, because of bond deterioration in the
anchorage region of beam-column joint. From another experiment which was carried
out on reinforced concrete portal frame with an unbonded prestressed concrete
beam, the tendon stress increment was so small even at large story drift angle
that it may be unnecessary to consider any risk of tendon fracture. In addition,
the analytical results of the portal frame, which was based on the stress-strain
relation of materials, showed good agreement with the experimental results.

INTRODUCTION

In seismic area, the application of unbonded prestressed concrete to primari-
ly earthquake resistant members is prohibited due to several reasons, i.e., safety
of tendon anchorage assembly against cyclic earthquake load, uncertainties with
regard to the fluctuation of tendon stress, little available data on hysteretic
restoring force characteristics and complexity in analysis, etc. However, unbonded
prestressed concrete members can be very useful to develop the further demand for
prestressed concrete structure, because of economical advantage of unbonded ten-
don, that is, no need for grouting at the construction site, and of practically
perfect protection against corrosion comparing with the grouting which is likely
to be imperfect. In addition, the past researches reported that small amount of
additional nonprestressed reinforcement can improve the restoring force character-
istics and the flexural ductility [1,2].

The objects of this study are (1) to present the data on the behavior, espe-
cially on the fluctuation of tendon stress at anchorage end, of unbonded pre-
stressed concrete beams and framed structures obtained by both experimental and
analytical method, and (2) to prove the possibility of the use of unbonded 'pre-
stressed concrete members as earthquake resisting members. The experiments ' are
carried out on unbonded and bonded prestressed concrete beams, and on the ' rein-
forced concrete portal frame with an unbonded prestressed concrete beam under
high-intensity reversed cyclic loading. The test results obtained from "unbonded
beams are compared with those from bonded beams in terms of restoring  force
characteristics and fluctuation of tendon stress at the anchorage end. Besides the
experiments, the analytical results are presented, which obtained from'the 'com-
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puter program to predict the behavior of
unbonded prestressed concrete members,
is based on the stress-strain rela-

of the materials
relation between concrete and tendon.
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Fig.1 shows the dimensions and rein- Fig.l Dimensions and

forcing details of the specimen U35CR as
a typical example.

The specifications of

reinforcing details
the specimens are listed in Table 1. The

following indication of specimen was used regarding to the test parameters.

U 35 C R
I L—— Reversed cyclic loading
Tendon profile (C:draped, S:straight)
Eccentricity of tendon measured from the centroidal
axis of the beam in mm
U:unbonded beam, B:bonded beam
Table 1 Specifications of the specimens
Specimen U3SCR I U35SR | UBOCR l UBOSR B35CR 1 B35SR l BBOCR I BBOSR
Prestressing Tendon 2-¢9.2 SBPR 110/125 2-D9.2 SBPD 110/125
Eccentricity of Tendon 35 60 35 60
in mm (e/D) (1/8) (1/3.5) (1/8) (1/3.5)
Prestressing Tendon
Index Gt 0.17 0.17 0.14 0.14 0.2 0.21 0.18 0.18
o 0.34 33 0.53 0 0.4 0.41 0.64 0.64
Concrete Cl c2 Cl c2 C3 c3 c3 [
Effective Prestressing
Force in kN 102.4 121.1 103.7 117.1 113.8 114.1 113.9 111.2
ope/ opy 0.59 0.72 0.60 0.69 0.67 0.87 0.67 0.67
Pe/b-D-fc’ 0.07 0.08 0.07 0.08 0.10 0.10 0.10 0.10
Concentrated Load
at midspan in kN 9.81 6.0 16.68 8.83 9.42 4.91 16.68 8.24
e { eccentricity of tendon measured from the centroidal axis of the beam section
D : total depth of beam section b: breadth of beam section
ope : effective prestress in prestressing tendon
opy ! yield strength of prestressing tendon
Pe : effective prestressing force
fc' : compressive strength of concrete
qpt = Ap opy /(b dp fc')
Qpe = Ap opy /(b(D-dp)fc’)
Ap : sectional area of prestressing tendon
dp : effective depth of tendon
Table 2 Mechanical properties
Mechanical properties of ordinary rein- of reinforcements
forcements and prestressing tendon are
N N Reinforcements D10 6 9.2 tendo
summarized in Table 2. Those of concrete ¢ ¢ o
at the age of test are listed in Table 3. Yield stress in MPa 376 | 350x 13052
Fig.2 shows the schematic figure of Vield strain in X 0.204) - -
loading procedure. For applying reversed |giastic nodulus in 105 WPa| 1.84 | 1.89 1.98
cyclic  transversal load as simulated
earthquake load, one end column stub was * 0.2% offset yield stress
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fixed while the other end was moved up- Table 3 Mechanical properties
and downward without stub rotation.
Thus, the beam was subjected to an anti-
symmetric flexure with constant shear Concrete c1 c2 c3
force over the whole length of the beam.
In addition, the constant load as the
live weight was applied by servo-actu- Tensile strength in NPa 3.21 | 4.21 | 2.97
ator. Flexural moment applied to the
beam ends were measured by load cells
shown in Fig.2. Each end of these load Strain at f¢’ in X o.18 | o.24 | 0.23
cells had an universal
joint so that only the
axial force acted on them SERVO-ACTUATOR
could be measured. Tensile PARALLEL-HOLDER g

of concrete

Compressive strength in MPa 39.5 45.8 36.5

Initial tangent modulus in 10* MPa | 3.81 2.97 2.28

force increments of pre- LOAD CELLS LOAD CELLS

stressing tendon due to the
load application were ob-—
tained by load cells in-
serted at the anchorage
ends.

SPECIMEN |

Test Results All speci-
mens failed in flexure with
crush of concrete and
buckling of ordinary rein-
forcing bars in compression
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Fig.3a Typical shear force Fig.3b Typical shear force
-~ deflection relation - deflection relation

zone. In Fig.3a and 3b, shear force versus deflection relation of U60CR and B60CR
are illustrated as a typical example. Here, shear force was defined as the sum of
flexural moments at both beam ends divided by the beam length. Although each
loading cycle consisted of four cycles in U60CR or five cycles in B60CR, only the
first cycle in each series of deflection cycles is presented in those figures.
From the figures, it can be observed that there was little difference in hys-
teretic restoring force characteristics between unbonded and bonded beam. The same
tendency can be observed in the remainder of the specimens; U35CR versus B35CR,
U60SR versus B60SR and U35SR versus B35SR.

Fig.4a and 4b show the fluctuation of tendon stress measured at the anchorage

end of the beam in UBOCR and B60CR. Up to the present it has been thought that the
fluctuation of tendon stress at the anchorage end of unbonded beams was larger
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than that

unbonded tendon under reversed cyclic loading like earthquake
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Fig.4b Typical tendon stress increment

— deflection relation

of bonded beams and there might be some fear of the fracture
load.

of the

However,

as

shown in the figures, the increment of tendon stress of the bonded beam B60CR was
1.5 times larger than that of U60CR. The reason for this is that the expected bond
action between concrete and prestressing tendon in the column stub deteriorated
easily under high-intensity reversed cyclic loading, and most of the increment of
tendon force at the critical section was transferred to the anchorage end. There-
fore, so far as this test is concerned, it is not proper that the unbonded member
has a larger possibility of low-cycle fatigue failure at the anchorage end than

the bonded member.
2-¢9.2 PRESTRESSING TENDON

\ %6 @100 6 @50 ,
EXPERIMENT ON THE 1 A
UNBONDED PRESTRESSED CONCRETE ST =l
PORTAL FRAMES ;LLLJ;L@:H'T‘T‘I’TWLHH =1
BEA S =n
Test Specimens and Test COLUMN g = S
Procedure The experiment s-p1s :fi?o fR:fo = s °
was carried out on two portal o _ — i
frames; One frame, 'FR35', _ Fr_ﬁ ﬁ a0 . = =
consisted of the beam where g el 1o - =l _n
the eccentricity of pre- L o d LJLJ ° ] EEI’U o
stressing tendon was 35 mm 3030 A% L U o
and thegother, 'FR60', has 160 ”7‘160’-\30?‘150’13 250 300, 300,250,
the prestressing tendon whose s&ﬁgg; B 3’D§ECTIO;]f'°
eccentricity was 60 mm. Fig.5 2100
shows the dimensions and re- e e 2
inforcing details of speci- F e o JJ

men. These two frames were so
designed as to have the same
lateral 1load resist- Table 4 Mechanical

Fig.5 Dimension and reinforcing details

Table 5 Mechanical properties

ance. The moment ca- properties of concrete of reinforcements

pacity of the column Specinen FR35 | FR6O Rei

was about 1.5 times einforcement D10 D18 é8

that of the beam, SO | Compressive Strensth | 36.9 | 36.8 Yield Strength fy 350.6 | 346.3 | 395.9

that the plastic tc’ in MPa in KPa

hinges were intended | Strsinatfc’ in% 0.244 | 0.218 Yield Strain ey 0.205| 0.180| 0.224
. Tensile Strength ft in X

to be located in beam in NPa 3.4 | 3.3 Modulus of Elasticity | 1.72 | 1.92 | 1.76

ends and column bases. in 105 MPa

The mechanical proper-
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ties of concrete and reinforcements are listed in Table 4 and 5. Specified 0.27%
offset yield strength and tensile strength of prestressing tendon were 1078 MPa
and 1225 MPa, respectively. Effective prestress were 107.8 kN for FR35 and 63.7 kN
for FR60.

Reversed cyclic horizontal load was statically applied to the midspan of the
beam by hydraulic jack. Besides the horizontal load, the vertical load was also
applied at the midspan, so that the bending moments at the beam ends and the
midspan due to the prestressing were offset at the beginning of the test. This
vertical load was kept constant during the test. The "first yield" displacement of
the frames were found when all the tension reinforcements in expected hinging
regions had yielded. The first loading cycle consisting of ten cycles was fol-
lowed by a series of deflection controlled cycles in the inelastic range, also
comprising ten full cycles to each of the displacement ductility factors of %2,
+3, +4, and sometimes higher.

FR35

Experimental Results and Com- P
parison with the Analytical - 150
A
1)

Results Figs.b6a and 6b show
the first cycle in each series |
of deflection cycles of the | |
measured horizontal load ver-
sus horizontal deflection at 50
the midspan of the beam. These
figures also show the cal- 50 25
culated load-deflection |- }
curves. The calculation was
done by 'Layer Element
Method'. Further information
is given in reference 3.
Each 1loading cycle comprised
only one full cycle, because
the deterioration due to load
cycles in concrete and bond
was not considered  in this -150
calculation. When the experi- Fjg 6a Lateral load - deflection relation in FR35
mental results were compared
with analytical results, fair-
ly good agreement could be
observed. However, the larger El
=
19

LOAD 1N kN

50
50_~" DEFLECTION 1n mm

-100 ——-TEesT
—— CALCULATED

the deformation became, the
larger difference could be |
observed. It is mainly because |
the shear deformation was not
taken into consider in the
calculation. The shear defor-
mation, especially in the col- 50 25
umn, dominated the whole de- = +
formation of the frame in the
loading cycles to high duc-
tility  values, and some
pinching of the load-deflec-
tion loops was noticeable in
the experiment. Just before
the failure, where the duc-
tility factor was almost 14, 0
the shear deformation of the -15

;giﬁﬁgn bizetﬁgciﬁzii gefiiggﬁ Fig.6b Lateral load - deflection relation in FR60
tion, while the deformation of

LOAD 1N kN

{
027" 25 -50
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-100  ---TesT
—— CALCULATED
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the beam remained small.

In Fig.7, the first cycle in
each series of deflection cycles of
the typical measured tendon force
increment versus horizontal deflec-
tion at the midspan of the beam are
shown. The calculated result is also ACI AN
shown in the same figure. As de- N —
scribed before, the shear deformation + "
at .the coiumn gases reiutFed in iﬁ— -50 =25 0 25 50

osing not so large rotation on e

geam gnds even at large story drift. P, DEFLECTION 1n hm
L]
g

T 400

STRESS INCREMENT

NZS
Al

Therefore, the calculated results are +-200

larger than the experimental results. ! | ---Test

In addition, in the calculation, the ’ —— CALCULATED
tendon force increment continued to L 400

increase almost linearly with the Fig.7 Tvpical t d- t . t
deflection of the frame because the 8. ypical tendon stress lncrement a

rotations at the beam ends had a the anchorage end - deflection relation

linear relationship with the lateral deflection of the frame. The maximum tendon
stress increment measured in the test was up to 196 MPa. - From analytical and
experimental results on the portal frame, the tendon force measured at the anchor-
age ends was not so large. It may be not necessary to consider any risk of tendon
fracture even at large story drift. The tendon force increment measured in the
test showed good agreement with the predicted value obtained from ACI and NZS
within the available deflection.

CONCLUSIONS

(1) There was little difference in hysteretic restoring force characteristics
between unbonded and bonded beams.

(2) The fluctuation of tendon stress at the anchorage end in bonded beam was
larger than that in unbonded beam, because of bond deterioration in the anchorage
region of beam~column joint. Thus, it may be groundless to point out that the
anchorage of unbonded tendon only involves the risk of failure under seismic
loading.

(3) 1In framed structure the tendon stress measured at the anchorage ends was so
small as not to consider any risk of tendon fracture even at large story drift
angle and showed good agreement with the predicted value obtained from ACI and
NZS.

(4) Analytical study was close to the experimental results on the restoring force
characteristics and the fluctuation of the tendon stress of unbonded prestressed
concrete portal frame.

(5) Unbonded prestressed concrete members could be utilized as structural compo-
nents, even in seismic structures.
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