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SUMMARY

This paper reports the experimental results of the materials properties of the FRP prestress tendons.
Using five types of FRP prestress tendon, tensil properties, durability, relaxation, and bondmg properties
were investigated. In the tensile tests, the main factor was the test length of the specimens. In the bond
tests, the influence of téinperature on bonding properties were studied. Durability of the FRP tendons
was evaluated by various environmental conditions such as immersion in highly alkalified solution, the
freezing and thawing tests etc.. Two different tests were carried out to assess the relaxation properties of
the FRP tendons, the first is a test meaeurmg the relaxation of FRP tendons anchored in the steel frames
and the second is a simulation test assessing the FRP relaxation including shrinkage and creep effects of
concrete with the post-tension concrete beams. Additionally, the anchorage efficiency- and coefficient of
friction between the tendons and sheath were investigated. From the experimental results it was
considered that these FRP tendons can be practically used as prestressing tendons.

1. INTRODUCTION

Recent years have seen a great deal of research into the use of fiber-reinforced plastics (FRP) as an
alternative to conventional prestressing tendons and reinforcing bars in concrete. The characteristics of
FRP—high strength, lightness, and corrosion-resistance—are expected to lead to its use as a reinforcing
material for concrete structures constructed in severe environments, where conventional reinforcing bars
and prestressing tendons quickly lose functionality due to corrosion.- The aim of this-study is to develop
atechnology for the use of FRP as prestressing tendons in prestressed concrete; it is part'of a Comprehen-
sive Research and Development Project; "Development of New Base Materials and New Materials Uti-
lization Techniques in Construction Projects”, which has been run under the auspices of the Ministry of
Construction since 1989. The purpose of this paper is to clarify what characteristics are required of the
FRP as regards design, and to elucidate any problems with regard to methods of evaluating these charac-
teristics. The tests were carried out on ﬁve types of FRP tendon that have potential for use as prestressmg
tendons in PC bridges.

2. OVERALL PROGRAM

The FRP specimens chosen for testing are five varieties of carbon fiber, aramid fiber, and glass fiber,
Details ‘of each reinforcing material and the manufacturers’ nominal characteristic values are given in
Table 1. The conducted tests coveréd characteristics including tensile strength, bonding, relaxation,
durability, anchorage, and coefficient of friction against the sheath. In some of the tests, a comparison
was also made with PC steel and PC stranded wire,



Table 1. Nominal Properties of Prestressing Tendons (FRP & Steel)

Tendo Type of FRP cable Nomlnal Size Maechanical properies Coegl'cien
endon
: . Fiber Dia- [Section|Tensilo |Elastic [Ultimale thermal
Name Type | Fiber |8inded Content [ motor| Area |strongth [Modulus | sirain Relaxatlon expansion
(%) (mm) | (mm®*) [(MPa)  |(GPa) (%) (%) (10°/°C)
» ,.
CFPR-I strand arbon Ep(i)xy 64 12.6 7(73.0 1885 138 1.6 3.5 0.60
resin 3 A 15629 :
CFPR-II rod 65 8 49 1550 148 1.21 3.7 0.68
braided Vinyl- 8 50 2
AFPR-Y  liod laramiglester | 85 | 12 | sos | 1263 64 22 Y 521
AFPR-I | rod oYl 65 | ¢ | 283 | 1777 53 3.3 7-14'* | 570
GFPR rod | Glass fei?:y 62 8 50 1480 44 2.6 — 3.00
SBPR 9.2 66.5
PCrod  195110) oo | — [ | 25 [a1555 | 1088 | 197 S 5 -
SWPR 9.3 51.6 1727 3.5 3.0 J—
PC strand | 75 — 1152 |87 | 1629 197 : ‘
: prediction value for 30 years laler,
1) initial load ; 0.8 Pu, 2): initial load ; 0.5-0.7Pu (100hour),  3): Initlal load ; 0.6-0.8Pu

3. TENSILE TESTS

3.1 Test program and methods

The main factors affecting the tensile strength of FRP
tendons are the environmental condmons—temperature,
humidity, etc.—the loading rate, the specimen size (di-
ameter and length), the composmon and the anchorage
method. From the point of view of establishing a practi-
cal means of evaluating the physical properties of FRP
tendons, the effects of loading ratc and the specimen
length are particularly important. Since the effects of
loading rate have been reported in past studies related to
the types of FRP tendons currently under develop-
ment[1}], this test focuses on the effects of specimen
length on the tensile strength.

Two test lengths, 40 cm and 100 ¢cm, were
selected as specimens for these tests; these
test lengths will fit into ordinary test equip-
ment and provide adequate length for an-
choring, The test method used conformed
with the provisional method proposed by
the Japan Institute of Civil Engineers [2).
However, a loading rate of Ax5-6 MPa/min
(A: cross sectional area of FRP tendons,
mm?). was chosen since the amount of fiber
in each tendon was approximately the same;
the results of past studies have indicated
that there is no discrepancy as long as the
loading rate is within the range Ax2-10

Tensile strength  (MPa)

Test

25

2.0

1.5

1.0

0.5 |

Table. 2 Tensile test results

Tesl Elastic Tensile
Tendon lenglh Modulus Slfenglh
Name cm! Std. div Std. div.
( ) (GPG) (MPs) (MPa) {MPa)
] 40 [152 [ 6.0 [2182 | 266
CFRP-1 100 152 10.4 2226 50.5
40 | 140 | 24 [2126 | 984
CERP-I + 100 | 149 | 1.7 |2137 | 186.0
- 40 64 1.7 1360 | 62.1
AFRP-I 100 65 2.6 1245 45.6
’ 40 56 1.4 | 1941 70.4
AFRP-II | 00 58 1.2 | 1968 | 26.3
40 | 55 [ g5 [1739 | 715
GFRP 100 | s6 | 13 [1705 | 60.6
IE : Averag
X 1 I 7 value
i : ' T x
on——a ‘
. | = ] —
nominal ——
strengt

length (cm)

40 100 40 100 40 100 40 100 40 100

GFRP-|

AFRP-|

s : Type of
MPa/min. Although no particular control F AP tendons CFRP-II AFRP-Il
was exercised over temperature and relative
humidity, the temperature was in the range ,
Figure 1. Comparison between the experimental

11.5-16.4°C and relative humidity 41-76%.

results and the nominal values of tensile

strength

-— 60 —
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3.2 Test results and discussion

Figure 1 and Table 2 show the measured tensile strength of each variety of FRP tendon and its relation-
ship with the nominal strength as specified by the manufacturer. Comparing the measured values with
the nominal tensile strength, all actually measured values exceeded the nominal values. The nominal
strength of the tendons made of carbon fiber 1, carbon fiber I1, and glass fiber was even found (o be less
than the average of the test results minus three standard deviations (3d). In contrast, the nominal strength
of aramid fiber Il was found 10 be close (o the test average minus three standard deviations (3d). Results
for 100 cm lengths of aramid fiber I were ncar the nominal strength; a result considered attributable to
damage to the anchorage which allowed the FRP rod to slip out, thus preventing it displaying its full
strength. Although it is difficult to form a comprehensive judgment with just six specimens, the fact that
the results for carbon fiber and glass fiber are much higher than the nominal strength implies that there
was a large scatler in tensile strength among the mother group of these tendons, as compared with aramid
fiber tendons. As mentioned above, two specimen lengths—40 cm and 100 cm—were tested for each
FRP variety; however, within the range of this test, length had practically no effect except in the case of
aramid 1. In addition, the relationship between tensile stress and strain for cach FRP specimen was linear;
and the elastic coefficient of each FRP prestressing tendon was approximately the same as that indicated

by each respective manufacturer. f P

4. BONDING TESTS Steel Pipe

4.1 Test program and methods . Test Rod Steel Plate
To examine the bonding strength between each FRP B Beari

variety and concrete, pull-out tests was imple- earing

mented. The thermal expansion of FRP differs
greatly from that of concrete, so stresses due to tem- -
perature fluctuations arise at the bonding interface. ¢ 6 Spiral Specimen

Accordingly, the test parameters were designed

A b
with particular attention to the temperature depen- 3
dence. They are given below. - _
, Electrical

100

(1) Rod material (FRP varieties, steel) 100 | Transducey,
(2) Temperature (standard temperatures: 20°, 40°, (unit: mmy
60°, 70°C) : Figure 2. Bond specimen and set-up of
(3) Temperature cycling (100 cycles <- ->30°C) -~ pull out tests :
Figure 2 illustrates the size of the specimens and the : PO sand 993 — - AFRP1 68
set-up of the tests. A round steel bar of spiral form === CFAP-1$10.5  —--— AFRP-Il D6
—-—CFRPID8  -=--- GFRP ¢8

was embedded in each specimen to prevent the con-
crete from cracking. Testing was in conformance
with Pull-out Testing (Proposed) of the Japan Con-
crete Institute, Inc, The concrete strength at the
time of testing was 35-46 MPa.

4.2 Test results and discussion

Figure 3 shows the relationship between the bond
stress and slippage (amount of caving-in on the re-
verse of the specimen), The maximum bonding
stress, although differing according to the type of- o
rod material, is-in all cases greater than'6 MPaat 0 1 (TS S
normal temperatures. This is more than three times 0 1.0 20 30 40
the allowable bonding stress of 2 MPa provided for
in the Specifications for Highway Bridge(3) (inthe - =
case of a deformed: bar, 6¢c = 50 MPa).  Figure 4. Figure 3. Bond stress-slip relationship for
shows the ratio of the bond strength of each FRP - - = FRP tendons '

Bond stress (MPa)

Slip Deflection (mm)



tested under conditions of various temperature -
to the values at normal temperature (20°C). It SO 010 o CF2 Do
can be seen that the bond stress ratio dropped 1-6 8 zg‘st;:gds.e.a (n:: ﬁi; '02
dramatically at 40-70°C in the case of glass 14| 8 cr2e125 &) GF g e
FRP, but with other types of FRP the tendency S ‘
was for some degrce Of rcduction dcpcnding on 5 1,2 e - reanees
the tendon type. The bond stress ratio after 7R ) R R— e et | Ry | SO
temperature cycling was almost unchanged for 2 0.0 | H|H Egl ,,,,,,,,,,,,,,
all types from the value measured under normal S " HIH ; ’
temperature conditions. These results indicate ‘s 060 rHiH 5’ """"""""
that bonding ability should present no problems 2 040 HIIH
in practical applications, except in some special & 1l H HTI1
cases. 020 HiH ,E}
0.0 qrin  fHig {
‘ 20 40 60 70 10-30
5. RELAXATION TESTS : Temperaturg (T)
5.1 Test prbgram and methods Figure 4. Effect of temperature on bond
strength

In the design of PC bridges, the gradual
loss of prestressing force due to relax-
ation of the reinforcing material and
concrete shrinkage constitutes an im-
portant issue. However, data on this IL 150 ¢m — -J' Load Cell
subject is'scarce in the case of PC pre- : — . .

stressing tendons. For this reason, we _ e ittt

carried out two types of test in this study W e R AN f——— :

in an effort to clarify the relaxation [ A — " }

characteristics of tensioned FRP ten- X , Anchor .
. - . \ Test Frame of Bond or Wed

dons over a long period of time. Firstly, ~ Tost oo Stool Boan : (Bond orWedge)

relaxation tests were carried out to mea-
sure the characteristics of basic tendon
materials. -Secondly, simulated relax-

(a) reaction frame for relaxation tests

ation tests, in which we evaluated char- o , o (u‘nil: om B
acteristics affecting relaxation, such as : 200; 507, 200 N
concrete creep and drying shrinkage, S 1 9386 Gontrold boam =
were carried out on test specimens con- §l © ;{ S W) SEETLEYA StorPbh L vahcd X3 ) DOPPO _9age=
sisting of concrete beams. This tests is 2l —/ """"""""""""""" \ """""

to ensure the characteristics for condi- o T T Exenso o Siiding Y
‘ ' ' FRP teridon
tions as close to those of an actual PC . meler. == board

bridge as possible. SRR B I
' (b) concrete beam specimen for simulated
Relaxation tests : The FRP tendons, - relaxation tests. o

each 150 cm long, were anchored to a . O T TSI

reaction rack placed in a temperature- Figure 3. Relaxauon test specimens

controlled. room at 20°C, as shown in

Figure 5-(a). The prestressing force RN : :
was 65% of the nominal strength of each tendon, In addmon to thc ﬁve types of FRP lendon md:cated in
Table 1, specimens made with 9.2 mim Steel prestressing bar-(SBPR:95/110) and 9.3 mm Steel pre-
stressing strand (SWPR7A) as tendons were also tested. The picstressing force, strains, and slippage of
the prestressing tendon from the anchorage were measured from whcn the prestress was’ mtroduced until

2,000 hours had paSSed y S ,

Simulated relaxalwn lests The reinforcing matcnals lcslcd wcre ofsnx lypcs as shown in‘Table 3 Each
was cast in the center of a concreté beam (¢st section (20 x 30 x 450 ¢m) as shown in. Figure 5-(b). The
FRP tendons were prestressed and anchored such that the post-tension prestressing force—induced by




the multiple-cable method—was S MPa . For control

purposes, simple concrefe beams of the same size were
also produced and the strain on the concrete caused by o Rl
drying shrinkage was measured under the same envi- w00l b \ - :\:“m ........
ronmental conditions. The changes in prestressing & KN g
force applied by each tendon, the deformation and ¢ -15.0 b --f-"\< -------- :
strain of the concrete beams, and the temperaturcof the & o LTS suamd '
specimens were all measured until 2,000 hours after & ° [ |eomerr  |TET Ny
the introduction of prestress. @ 25.0 o f-0wrCF2 N
~e—Af 1) .

: 300 Lo e AR oSN
5.2 Test results and discussion —0: GF L
Relaxation tests : The relaxation ratio at 2000 hr ob- 350 1 ‘ é ‘ . 5 y
tained from the strain measurements for each tendon is ' ' _
shown in Table 3. Also, Figure 6 shows the time-de- Log Time (Hr)
pendent change of relaxation ratio. The relaxation ratio Figure 6. Time dependent change of
of the FRP tendons was greater than the 4.6% for PC relaxation
Steel material at 2000 hours. The values 2,000 hours
after initial anchoring were 5-6% for carbon fiber ten-
dons and about 8:1-11.4 % for aramid fiber tendons, ~ Table 3. Results of relaxation tests
respectively, The value for PC strand tendon was - ‘
much smaller, at 2.7%, because of the low-relaxation Relaxation catio (%) . | Sinvlaled
steel material used. On the other hand, the reason for Tendon | @ in|Simulated relaxation] test

. . . type elaxation lest Ellective
the relaxation of GFRP tendons being so large is test X 5 prestressing
thought to be some kind of unusual behavior, such as TR m:'h;d method | _force (%)
ellppage of the tendon from the anchorage.. CFRP-I| 58 32 | gg 3313
o o o . ‘ AFRP-l 1 8.1 1161 | 158 | 77.5
Simulated relaxation : Preliminary testing up to 720 AFRP-I] 114 | y55 155 | 824
hours indicated that the relaxation ratio increased as GFRP 33.1 - = =
the temperature rose . However, the effects of the size PC rod 4.6 26 1 1.0 | 842"
of the prestressing force were relatively small. Using PCstand) 2.7 | 28. | 1.7 | 862
the results collected up to 2,000 hours, the simulated * values are at 2000 hr
relaxation ratio was calculated usmg the followmg two ' ' R
methodS' :

- A) The drying shrinkage was obtained from strain measurements.of the control beam, and the creep
coefficient analyzed. The relaxation ratio was then calculated in consideration of the effects of
creep.

B) The fall in stress in the prestressing tendon, as calculated from the strainon the specimen beam, was
. considered to be a result of creep and drying shrinkage, and from this the relaxauon ratlo was
calculated.

Although details of calculatlon are omitted here, the results are shown in Table 3. Comparing these
results with the results of actual relaxation measurements, the relaxation is-somewhat smaller for carbon
fiber while it is about 5% larger for aramid fibers; the cause of this behavior is not ¢clear. Insufficient data
on the relaxauon of FRP tendons has been accumulated {o date, and we consider it necessary to further
examine this area in the future.” Any future work should also examine the evaluation method used.

Even' though our’ results show that the relaxation value differs greatly according to the type of FRP
tendon, we have clanﬁed that the effective prestressing’ for¢e retained by each FRP tendon after the
elapse ‘of 2,000 hours is about 80%, the same as for steel PC matérials as shown in Table 3.

6. ACCELERATED DETERIORATION TESTS

6.1 Test program and methods
To check the corrosion resistance of FRP prestressmg lcndons. four tesls of accelerated deterioration



were implemented: a freezing and thawing test, a neutral

salt spray test, an immersion test with prestressing force, :

and a long-term salt and alkali solution immersion test. Table 4. Test results of neutral salt spray
test and freezing & thawing test

Freezing and thawing test: Using specimens 80 cm in Neutralsall | Freozing &
length, a 300-cycle test conforming to ASTM standards Tendon | spray test thawing tes!
was carried out, ‘ ) type weight [Strength|weight [Sirenglh
Neutral salt spray test:  This test was conducted in con- loss (%)J05s(%) ]loss (%) 105s(%)
formity with JIS Z2371. CFRP-I
Immersion test with prestressing force @ The applied CERP-II | 0 0 0

- P : AFRP-|
prestressing force was 65% of the strength specified by AFRP.IL |
each respective manufacturer and the prestressing tendon A R R A s7 (o e
was immersed in a test solution. The test solution was pre- B strandl 57 30 010

pared by adding 3% sodium chloride to a saturated solution
of calcium hydroxide; the temperature of the solution was
held at 50°C. For companson an unstressed specimen was also tested under approxnmalely the same
conditions of immersion. For all specimens, tensile tests was conducted before immersion and after 300
hours of immersion. ,

Long-term salt and alkali solution immersion test :  Two types of solution were used in this test: an
artificial 3% salt water solution and a saturated solution of calcium hydroxide. The temperature of the
solutions was 40°C. Each specimen, 80 cm in length, was immersed in the solution and tensile tests were
conducted after six months and one year, respectively,

6.2 Test results and discussion

Freezing and thawing and neuiral salt spray tests : The results of the neutral salt spray test and the
freezing and thawing tests are shown in Table 4 in the form of the ratio of weight and tensile strength loss.

Decreases of about 4% in weight and 7% in tensile strength were seen in the case of steel prestressmg bar
and strand wire in the neutral salt spray test, while a weight dccrease of 0.1% occurred in the case of
freezmg and thawing test. In contrast, FRP prestressing tendons exhibited no loss in tensile strength nor
in weight in either test, regardless of type.

Immersion test with prestressing force : According to tensile measurements after 300 hours of immer-
sion, the tensile strength of all FRP prestressing tendons except GFRP exceeded the nominal strength
regardless of the appllcahon of a prcstressmg force, and no significant deterioration was seen. As
rega.rds the GFRP prestressing tendon; its tensnle strenglh was found to fall to 89% of the nominal

3000 — - e ; — :
Before immersion ‘ . ‘ 3000 [-~] Belore immersion
2500 Alter 0.5 yaar 2500 | @ After 0.5 yoar
Ky O After 1 year em E O After 1 year __
2 2000 2 2000 | 2]
=) k-
g 1500 € 1500 |
% % -
2 1000 2 1000
7] 7] >
5 5§ |
500 . . 500 <
bl ] Loeed LB LR LB 0 -, LEEL e LB L] e
PCrod ~  CFRP-l AFRP-| GFRP C f CFRP.| AFRP.| GFRP
PC strand CFRP-H AFRP-II PG strand GFRP-II AFRP-I
(a) Salt solution immersion test (40°C) (b) Alkali solution immersion test (40°C)

Figure 7. Change of tensile strength in thc long-term sal( and alkah
‘solution immersion test -



strength regardless of whether prestressing was applied or not; this is considered due to deterioration of
the glass fiber under the alkali action.

Long:term salt and alkali solution immersion test : Figure 7 (a) shows the results of tensile measure-
ments for tests of immersion in salt water, while Figure 7 (b) is for the alkali solution. The values shown
in these figures are average values for five specimens. Comparing the tensile strength of each prestress-
ing tendon before immersion, after six months of immersion, and after one year of immersion, it can be
seen that there is a slight tendency for the strength of both AFRP prestressing tendon and GFRP pre-
stressing tendon to decrease. However, observations of the appearance of each FRP prestressing tendon
and the steel material indicated that slight corrosion had occurred on the steel prestressing bar and strand
wire, while there was no change in the extérnal appearance of the FRP presiressing tendons. Conse-
quently, we believe the decrease in strength seen for both types of FRP prestressing tendon may simply
reflect a scaiter in the measurements, With respect to this question, however, a full answer will be
obtained only after examining in detail the results after two years of immersion. For the present, how-
ever, the four types of test carried out so far indicate no significant deterioration of FRP prestressing
tendons within the scope of our experimental procedure, allowing us to confirm that these materials have

excellent corrosion resistance,

7 EXAMINATION OF FRP PRESTRESSING TENDON ANCHORAGE

7.1 Test program and methods ,

When a PC member is fabricated by the post-tensioning method, a special anchorage suitable for use
with the FRP prestressing tendon is generally used. When multiple strands of a material with no yield
domain, such as FRP, are anchored in this way, they often fail to have a tensile strength equal to the
nominal strength of each tendon multiplied by the number of tendons in use. For this reason, the nominal
tensile strength times the number of FRP prestressing tendons in use is multiplied by a reduction coeffi-
cient, R, to obtain the guaranteed strength of the system as a whole, including the anchorage. R depends
~on the design of the anchorage. As part of this study, an anchorage efficiency test was implemented to
confirm the upper limit of loading for the safe implementation:of stressing operations, using the multi-
grip anchorage shown in Table 5. The maximum load bearing strength of each anchorage system with 3
m-lengths of FRP material in a test section was measured in a temperature-controlled room at 20°C and

40°C,

7.2 Test results and discussion: - : T LA :
If the ratio, 1, of test measurements to guaranteed strength as established by the manufacturer is defined
as the anchorage efficiency, it must be borne in mind that the anchorage ¢efficiency will also be affected
by the.length of the anchorage. In.this test, the deformation of the anchorage and the slippage between
the' FRP and the anchorage were measured; the.results indicate that no problems will arise from the
viéwpoints of design and construction.. Multi<grip an- R

chorage systems are still under development, and'the re- EER

duction coefficient:differs accordingto the design. - In:  ~Table 5. Results of efficiency test of multi-
the future, it is expected that the reduction coefficient grip anchoring system

will approach 1.0 as improvements are made, :

.| Nominal i
Tendon | Type of anchoring re%r:étion Efficiency

: SV T PP . Name’ system cosfficient of anchor
8. COEFFICIENT OF FRICTION TESTS Sl e a [system
. e : : v : T RERp. | Wedge | Multi-grip ‘ 0.91-
8,1 Testprogram. - il i CrRe 'vs%t‘gm A¢12.sgx‘2 083 | over1.0|
The purpose of this test was to clarify frictional losses crRp-i| ¥e998 [ Multigrip] e | Guer 1.0
résulting'from  bending of the sheath, a problem:'which = | | $ystem] o8x8 .| ™ | "
arises when FRP is used in the post-tendioning mode. I~ .| - AFRP-I gf{gg Mullegrip | 058 | overi.0°
the tests, the concrete specimens embedded stéel « f——= cz,,;a,:,,‘ “2."6_“ : ' s
sheaths at the curvature of 15° and 30°were used. The AFRP-I| grouting [ MUl-griP | 4 00 0.94 -
' anchor | 96x7 over 1.0




contact length between the tendon and sheath
is controlled to be 3.14 m. Load at the

tensioning end and at the fixed end of the ten- !
don was measured during the loading. The co- T CFRAP.L -oe-- AFRPAL - -+ . GFRP
efficient of friction was calculated from the S 0.8 g, CERPAITe ARRPH
test results using the following equation: k!
1 = (loge (Pi) - loge (Px)) / (ct + 0.012 1) %
il
where p is the cocfficient of friction per ra- §
dian; Pi is the force acting on the tensioning © :
end of the tendon; Px is the tensioning force at - — = e e R = K e e -
the fixed end of the tendon; o is the angular o ¢ . . -
) 0.1Pu  0.2Pu 0.3Pu .0.4Pu 0.5Pu 0.6Pu 0.7Pu

change; and U is the length of contact between

the tendon and sheath Tensioning force

' (a) curvature 15°
8.2 Test results and drscussron : '
Figure 8 shows the relationship between load :

at the tensioning end and the coefficient of CFRP-| =-#-- AFRP.I - -+ - GFAP
friction when the curvature-is 30Pand 15°. - = _ 08 | —8  CFRP.II—x= AFRP.N o
When the stress was 0.6Pu - 0.7Pu, u was 0.2 £ !

. o . .= o . R
to 0.3 in tests at the curvature of 30°, while at E 0.6 ferre L AR
15° it was 0.1 to 0.7. The coefficient of fric- S R I
tion'was larger than with-PC steel materials, . 8 pron g i g o 2 o]
exceptin the-.case of aramid-II. One reason for 5§ A R
this could be that when an FRP tendonis an- =~ © 0.2 L k- — S o ke e o i(m e
chored using the multi-grip system, the -
tensioning force is not equal in each FRP tend 0 i
on; rather,’'it depends on the individual ten- © 01Pu  0.2Pu 03Py 0.4Pu  0.5Pu  0.6Pu  0.7Pu
dons and the tendon tomon against the shcath - - Tensioning force -
etc: : : ; - ' -

o S (b) curvature 30°
9. CONCLUSION

Figure 8. Relationship between tensrontng force
The material characteristics of FRP prestress- and coefﬁcrent of frrctron '
ing tendons have been clarified considerably - - '
through this study. We have shown that FRP o :
prestressing tendons usmg carbon fibers and aramid fibers arc’ surtable for practtcal appltcatrons Al
though some issues remain-to be fully solved, including improvements to the testing method and anchor-
ages, solutions to these problems appear to be well within the capabilities of the design process. The
results of this study are scheduled to be combined with the results of structural member-tests and. pub-
lished as *Guidelines for the Desrgn and Construction of PC Brrdgcs Usmb FRP Tcndons "
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SUMMARY

The data necessary for the design of bridges could be obtained from the tests of the bending and shearing, and the
bendmg fatigue for the prestressed concrete beams using various FRP tendons. It is possible to calculate flexural
capacity accordmg to the plane holding's law, When shear capacny is calculated based on the Japan specifications for
highway bridge, it is within the limits of safe side well. The propertics of bending fatigue assumed serviceability limit
state was good. Further,the bending fatigue produced bending cracks,it had good flexural capacity. '

LLINTRODUCTION

FRP materials are recewmg attention as reinforcement materials in concrete members,because of their high
strength,light weight,non- magneue and resistance to corrosion. Its application has been studied at various fields.
Among the rest, the method using FRP prestressing tendon is supposed to be superior on the material properties of FRP
and the cost. The object of this study is to develop a new technique for the tendons of prestressed concrete bridges,as a

part of Comprehensive Research and Development Project "Development of New Base Materials and New Matenals
Utilization Techniques in Constructlon Project”, Ministry of Construction since 1989. Coe

This paper describes lhe dynamic propemes of the presuessed concrete beamns using various FRP tendons and lntends
to propose design techmque v ‘ ‘

2 SPECIFICAT‘IONS OF FRP TENDONS

The speaﬁcahons of the FRP tendons used for this study are shownin Table 1. There are five typw inthe FRP tendons

apphed for prestressed concrete as tendons: two types using carbon fibers, two types using aramid fibers and one type
using glass fibers, For the expenment, we used four types except glass. fibers. ;

: Téble I Charac(cristics of FRP tendons

: : : ‘Nomin'al Noml_nal 'Averz.xg_e : _Youhg's Elonganon
D : o Tensile | . Tensile | o
Tendon | Shape | Diameter| .- " . - Modulus
: , (mm) Strength | Stréngth " (MPa) - (%)
’, SRR _(MPa) | (MPa) :
Cl_- | Strand | 125 1885 2188 | 137000 | 1.6
C2 Rod | 80 .| 1550 | 2109 | 148000 1.2
Al | Braid 12.0 1263 1295 | 60800 | @ 2.2
A2 | Rod | 60 1777 1942 | -53000 [ 3.3
G Rod 8.0 1480 1687 | 44100 2.6




3.STATIC BENDING TEST

Stress-strain relations of FRP tendons are different from that of steel, and they have lineivity up to break, Therefore, it
has been considered to show flexural properties different from that of prestressed concrete members using prestressing
steel. In order to clarify the flexural properties and the caeulating method of the Nexural capacity of the prestressed
concrete beams using FRP tendons, the static bending tests of the prestressed concrete beams made by pre-tensioning
and post-tensioning systems were performed,

3.1 Outline of Experiment Wg% geinfor cement
The section and loading method of the pre-lensioning beams are shown in —

Fig.1. The section of the beams was rectangular: 250mm deep and 350mm

wide. In order to adjust failure mode, the quantities of FRP tendons and S S
effective depth of beams were changed. The loading method was the ~ Al @
symmetric four-point loading of 3000mm span. The parameters and results , ©

of the experiment are shown in Table 2. As for the parameters, there are five ~— J?ﬁqk

levels by the types of tendons, two levels of 40% (0.4Pu) and 60% (0.6Pu) of Tendon

he nominal tensile strength as the magnitude of effective prestressing force, Longitudinal Reinforcement

250 3500 10'00 3500 250
150 1250 250 350 ‘ s g
—t ] i1 i
| & L A —
o < i O ———_R=10000 : .
. = BRI 5
i s |
! 10001 1736 1514 21®200=4200 59
t i k| ] |
Fig.l Pre-tensioning beam specimens . Fig.2 Post-tensioning beam specimens
Table 2 Summary of pretensioning beams data in static bending test
S(gizi(;?:" Specimen details Bending crack load Bending ultimate load
pr&?ﬁﬁi' fc AP2 }::‘;S?:rs; E(;”i;cpit}:v Calculated Measured Calculated| Calculated Measured
stage (MPa) | (mm?) (kN) (mm) (kN) (kN) Measured (kN) (kN) Measured
C1-06-T-1| 48.9 228 256 167 37.4 39.2 1.05 117 124 1.06
C1-04-T-1| 58.7 228 | 171 167 54.2 314 | 0.58 115 124 1.08
C1-06-T-2| 48.9 228 256 167 53.1 56.9 1.07 10 120 1.10
C1-06-C-1| 42.6 456 512 167 81.1 80.4 0.99 167 175 1.04
C2-06-T-1| 53.4 264 | 247 167 422 33.4 0.79 129 145 1.13
C2-04-T-1| 54.8 264 165 167 54.0 589 1 109 129 146 1.13
C2-06-T-2| 42.4 264 247 167 53.1 54.9 1.04 114 134 1.17
C2-06-C-1| 54.5 264 247 75 16.3 17.7 1.O8 39 51 1.30
A1-06-T-1| 46.5 180 135 167 27.0 25.5 0.95 48 74 1.53
A1-04-T-1] 47.7 180 20 167 36.6 | 314 0.86 46 71 1.54
A1-06-T-2| 49.5 270 204 167 47.9 453 | 095 65 104 1.59
A1-06-C-1]| 45.1 540 407 167 70.1 62.8 0.90 142 | 153 1.08
A2-06-T-1] 38.8 113 120 | 200 37.2 41.2 ERT 63 78 1.24
A2-04-T-1| 63.6 113 80 200 43,2 47.1 1.09 63 76 1.21
A2-06-T-2] 42.4 170 181 183 57.0 56.9 1.00 83 104 1.26
A2-06-C-1} 53.5 340 | 360 167 65.8 Hd.4 1.28 133 | 175 1.32
PC-06-Y-1| 52.3 279 287 167 54.2 5.0 | 100 | 129 | 124 0.96
PC-06-Y-2] 503 | 279 287 167 | 567 62.8 111 127 122 0.96

— 68 —



two levels of a tendon break mode(T) and concrete compressive failure mode(C), and two levels of one stage and two
stages arrangement of tendons.

The section and loading method of the post-tensioning beams are shown in Fig,2, The section was a T-beam:with an
effective depth of 700mm,compressive flange width of 800mm. Each FRP tendon was multi-cables, FEP pipes are
used for the sheathes. The loading method was a symmetric four-point loading of 8000mm span, The parameters and
results of the experiment are shown in Table 3. The experimental parameters have five levels as the types of tendons.

3.2 Results of Expériment
The calculated values in the Table 3 were calculated by the following way. The flexural crack load is the load which
brings the stress of the lower edge concrete up to the tensile strength (cylinder crack-split tensile strength). The flexural

capacity is a smaller load either which brings the stress of the tendons at the most tensile side up to its average tensile
strength or which brings the strain of the upper edge concrete up to 0.0035.

Pre-tensioning beam specimens

The calculated value of the flexural crack load of every specimen almost agrees with the measured value. Therefore, it
is understandable that the concrete compressive stress due to prestressing in each specimen is almost introduced. The
calculated value of the flexural capacity is within a safety side, though it indicates the amount of scatter. The scatter is
due to the indistinctness of the tensile strength of FRP tendons in the members of the pre-tensioning beams. It is
considered that the result of tensile test, as it is, is not equivalent to the tensile strength of the FRP tendons in the
members. And the specimens lost capacity with the compressive failure of concrete including the members using
prestressing steel also vary widely. As for the influence of the arrangement number of stages on flexural capacity, the
two stages specimens are a little larger than that of one stage specimens. In the case of multiple stages, the calculating
method of this paper is within the safety side. Therefore, the method using the effective depth of beam is supposed to
be dangerous because FRP tendons have no plastic range. As for the influence of effective tensile force on flexural
capacity, the ratios of the calculated value to the measured one at the specimens of 0.4 and 0.6 Pu are almost equal. This
conforms well to the ordinary calculating method. And, the properties of deformation of all the FRP tendons at the
flexural ultimate load, compared with the beams using the PC steel, showed the deformation properties to make the
prediction of failure possible.

Post-tensioning beam specimens

The ratios of the measured value to the calculated one of the flexural crack load are almost constant except A2
specimen. Consequently, it is understandable that the theory of prestressed concrete is applicable to the beams of post-
tensioning system also. The ultimate loads vary widely: the ratios of measured value to calculated one are 0.89 to 1.48,
This is due to the difficulty of the evaluation way for tensile strength of whole cable in the case of multi cables. This
time, the nominal tensile strength of the multi cables used in the introduction of prestressing is set up with the product

Table 3 Summary of posttensioning beams data in static bending test

Speciment ditails Bending crack load Bending ultimate load

Tendon fic Ap l?;eslt{()erscsé Calc. | Meas. | Meas. | Calc. | Meas. | Meas,
(MPa) | (cm?) (gkN) (kN) (kN) | Cale. | (kN) (kNY | Calec.

Cl 53.7 | 4.56 410 | 18l 162 | 090 | 372 366 | 098
2 430 | 7.02 466 182 | 162 | 0.89 556 497 0.89
Al 48.0 | 10.86 342 154 | 1371 089 | 238 352 1.48
A2 493 | 3.96 420 184 132 | 072 289 330 1.14
PC 547 | 8.04 449 186 162 | 0.87 368 394 1.07



of nominal tensile strength per cach one and reduction factor. While,as to the calculation of the flexural capacity,the
tensile strength of the FRP multi cables is the average tensile stength of one cable. Therefore, the evaluation of the true
tcnsnle strength of multi cables in the members is necessary.

3,3 Design Technique

The flexural capacity of the prestressed concrete beams using FRP tendons can be evaluated with the strict application
of the planc holding’s law. However, the evaluation way of the material characleristics of cach FRP tendon differs from

cach other. Therefore, its standardization is required.

4. BENDING FATIGUE TEST

According o the Japan specifications for highway bridge, the flexural crack of prestressed concrete bridges is
unacceptable to design. Consequently, in order to clarify the bending fatigue propertics of the beams using FRP
tendons,we carried out the bending fatigue tests of the pre-tensioning beams assumed the high load state produced
flexural cracks by unexpected load, and of the post-tensioning beams assumed serviceability limit state.

4.1 Outlme of EXpenmenl

The sectioh and loading method of the pre- tcnsnonmg beams loaded under the state produced ﬂexural cracks are shown
in Fig.3. The standard effective depth of beam was 350mm, and the beam width was 200mm. Effective prestressing
force was 60% of the nominal tensile strength of tendons. The loading method was a'symmetric four-point loading of
3000mm span. The parameters of the experiment and ultimate loads after the fallguc test are shown in Table 4. The

lower limit flexural moment is 75% of :

the decompression moment at each ‘ 3600 _
specimen. The upper limit moment, so as - . : , N
to receive equal fatigue damage, is set up - 4309 1250, 25¢ 1350 . 0

as follow. First; on the basis of the P ,
specimen using prestressing steel as _T_ i . . .
tendon,the moment that the amplitude !

stress of prestressing steel becomes g , >——Tc"d°"3 | : ‘ =
98.1MPa is set up as standard moment. !
Next,the moment. - subtracted . the ' -
decompression moment of the specimen 7

using prestressing -steel from- the | & 1‘2_'5 P 12 5 3 (pé ‘ c% 12. 4 ¢8
standard moment ' is distributed : :
proportionately with the magnitude of A - m -

B

~
¥}

,PJSO‘I‘

the nominal tensile strength of the = L= A
tendons arranged in each specimen. The R 50150 ¢y

moment added the distributed moment -7 o o

to the decompnessnon moment of each Fig.3 Pre~tensioning beam specimens
specimen is regarded as the upper limit S f ‘ : ~

0
c2 R

_ ’I‘ab1¢ 4 Summary of pre(e_ﬁsioning bé.ains data in bénding fatigué test

T T A, oo iUItimate load
Specn.men‘de,ull.s .{ ‘ "Loadmgcéndu\l‘on | afier fatigue

Tendon™ Ap | d | Mu:cal| Mlower] Mupper|: ‘& op | & o ¢ |Mu-medMu-mea
(MPa) | (cm?) | i(em) | (kN m)| Mu-cal| Mu-cal|l (MPa) | (MPa) (kN m) | Mu-cal
cl | 4709 | 1150 | 35.0 | .108 ] 021 | 051 7] 7897 |'16.97 |' 120 | 1.12
c2 | 5023 ] 220 | 325 | 134 020 | 049 ;| 110361982 | 136" | 1.02
Al | 6543 | 272 | 350 ] 117 | 025 | 058 | 5474 | 2130 | 14t | 120
A2 | 4836 | 1.69 | 350 108 | 0.23 | 055 | 50.33 [ 2040 [ 129 | 1.20
PC | 5268 | 1.86 | 350 | 100" | 0267 0.62 | 98.10 |'17.56 | 119 | 1.19




moment for each, The tests were repeated up to 2 millions times with the loading speed of 2Hz. The do-not-rupture
specimen was forced to be failed with applying static load after the fatigue test.

The specifications of the post-tensioning beams assumed serviceability limit statle were same as that of the static
bending test. Morcover,FRP materials were used as web reinforcement of the specimens of C1,A1 and A2, The
experimental parameters and results are shown in Table 5. The upper and lower limit flexural moment are set up so that
the lower edge stress of the concrete of the beams will come (o same value, That is, the lower limit moment is set up at
the compression of 2MPa, and the upper limit moment is set up at the tension of 0.3MPa( The tensile stress block of
concrete'corresponds to the yielding load of the lower edge tension reinforcing bars.). Therefore, the amplitude load
(58.2kN) of all specimens and amplitude displacement (0.96mm) are equal. The tests were repeated up to 2 millions
times with the loading speed of SHz. The specimens were forced to be failed with applying static load afier the fatigue
test.

4,2 Results of Exben'mem

Pre-tensioning_beam specimens.

All the specimens did not rupture even with the loading of 2 million times. They were forced to be failed with applying
static load after the fatigue test, The typical relationship between load and displacement is shown in Fig.4. From the
figure,it is understandable that a fatigue loading does not worsen the deformation performance of the specimens. The
relationship between the increasing ratio of the maximum displacement to the 10th data and the number of repetitions
is shown in Fig.5. The maximum displacement has a tendency to increase in the whole specimens, The increasing
ratios of the deformation after two million times are distributed widely: 1.3 to 1.8. Even from the comparison of the
static ultimate loads afier the fatigue loading with the calculated value,a tendency to worsen with the fatigue loading is
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e , PR ' : ~ Fig.5 Relationship between times and
Fig.4 Example of load -displacement: curve . * increasé of maximum displacement

Table 5 Summary of post-tensioning beams data in bending fatigue test

Cyclic load (kN) |  Bending crack load (kN), | Bending ultiiate load (kN)

Tendon f oy Fat T
P Mal)c()l:(;Um Mllr::gc]ifjm' fart\iIEUC Fatigue No fatigue‘. ~fa{\iJ§ue | Fatigue NEafL;%migue
Cl | 276 | 857 | 1619 | 1570 | 097 | 3659 | 3728 | 102
c2 43.4 1015 | 161.9 | 1570 { 097 .| 497.4. | 4689 | 094
Al 84 | 666 137.3 | 137.3 1.00 | 3522 | 3355 0.95
A2 30.3 88.6 1324 | 1570 | 119 3206 | 3080 | 093
pc | 387 | 969 | 1619 | 206.0 127 | 3944 | 3659 | 093




not recognized.

Post-tensioning beam specimens

The relationship between the increasing ratio of the amplitude
displacement to 100th data and the number of repetition is shown in Fig.6.
From the figure,it is recognized that there is not very much change of the
amplitude displacement, and that the fatigue damage of the prestressed
concrele beams without crack does not occur irrespective of tendons,
From Table 5,the flexural crack load and maximum load are almost same
degree. Considering that the strength of concrele and cffective
prestressing force so on arc a little different between a static loading
specimenand a fatigue specimen,it may be said that the flexural properties
and capacities after 2 million times repetition is not affected very much
with the fatigue damage.

4.3 Design Technique
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w
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©

Fig.6 Relationship between
fatigue times and ratio of
amplitude displacement

The prestréssed concrete beamns using FRP tendons for the bending fatigue assumed serviceability limit state have an
excellent durability. And,for the bending fatigue by the upper limit moment of the degree of cracking moment also,
there was no deadly damage. Therefore,it is considered in the present circumstances that the prestressed concrete

beams using FRP tendons should not produce flexural cracks.

5. SHEARING TEST

In the pre-tensioning beams experiment,in order to clarify the shear capacity of lincar member using FRP tendons
without web reinforcement and component of effective tensile force of tendons to parallel to the shear force.
Furthennore, we performed the slatic loading test of the post-tensioning beams of
the shear failure mode designed according to the Japan specifications for highway

bridge. As a result,the shearing properties were studied, and the design lechnique

was confirmed.

5.1 Outline of Experiment -

The section and loading method of the pre-tensioning beam specimens are shown
in Fig.7. The beams had rectangular section: the effective depth of 350mm and the

e

800-—~T

Web Reinforcement

web thickness of 150mm.It was loaded with the symmetrical four point loading
system of 2400mm span and 2.57 shear-span ratio(a/d). The experimental

parameters and result are shown in Table 6. The experimental parameters are the
types of tendon and prestressing force. The effective prestressing force of a lower
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Fig.7 Pre-tension beam specimens

Fig.S Post-tension beam specimens




edge side tendons is set at 0%, 30% and

Table 6 Summary of data in shearing test

antee tensile strength of ,
oo, T s G o presssing | o] g Tt [T et b o T b [ i
is zero at the upper edge, and the lower €1:00] 63.2 | 0.00 | 1.52 | 100 | 67 | 150 93 Tro8 | 184 | 0.54
edge is shown in Table 6. C1-03] 59.1 [ 343152 w68 ] 78 [ 2106 ] 152 | 110 189 | 0.89

C1-06] 62.6 | 6.86 | 1.52 | 246 | 88 | 2.861 | 215 [ 1.15 | 194 | 1.27

The section and the loading method of the C2-00] 49.3 [ 0.00 | 176 [ 108 ] 672 [ 1.6 | 90 | 120 195 | 0.55
post-tensioning beam specimens are g:gg 2;2 2:;‘. '-7: f;: ;7 Z-:" ;f3 '-(3)3 2'39 1.07
. ; - . 6] 6861 1.76 | 224 | 87 | 257 | 214 | 1. 2 | i
ggzm?elfnfegig\:% gy&t?pg?g‘gonrsnr\:/}?ragb 5 AL-00] s6soonl 181 n2| a7 | 167 95 117 ] 174 | 0.64
4 g {A103] ss3 | 328 vk [ 1s6 | 76 | 205 | 153 | v.02 | 174 | 0.90
thickness of 300mm and upper flange L [Aros] 525 [ 657 [ 14 [ 210 [ s 245 | 20 [vo0 1073 Toan
width of 800mm. It was loaded with the A2-00] 515 | 0.00 | 170 | 114 | 67 | 1.70] 90 | 1.26 | 180 | 0.6
symmetry four points of 6700mm-span A2-03} 539 1 414 [ 170 | 187 | 79 | 298 | 165 | 103 | 209 | 0.80
and 2.5-shearing span ratio. The A2-06] 48.2 | 8.28 | 1,70 | 247 | #8 [ 281 | 235 [ 1.05] 230 | 1.07
experimental parameter and result are PC-00| 51.7 | 0.00 | 1.40 | 137 | 67 | 205 [ 85 | 162 | 178 | 0.77
shown in Table 6.The experimental PC-03] 520 | 328 J 140 [ 16 | 78 [ 252§ 143 1371 1799 | 1.10
paramelter is the types of tendon. ‘The shear PC-06] 51.7 | 6.57 ] 140 [ 195 | 88 [220 ] 200 [ 097 | 179 | 1.09
capacity(*1) was calculated with the Bq.(1) CI-PS| 42.9 | 5.17 | 4.56 | 804 | 609 | 1.32 | 1022 | 0.79 | 739 | 1.09
according to the Japan specifications for . § if“;i Z:;’ j;’g ;2; 9*3‘2 60; .'-33 ‘9‘32 2-87 962 | 1,02
X . e galar. 9| a. 43 | 638 [ 602 | 106 | 957 [ 0.67 | sa1 | 118
wgg;gzg%eﬁgmsmﬁ?gmé 023 ~ 8 A2-PS| 429 | 527 1 3.96 | 605 | 628 | 0.9 | 1018 | 0.59 | 588 | 1.03
PC-PS] 42.9 | 5.65 | 8.04 | 858 | 610 | 1.41 [ 112a | 0.76 | 800 | 1.07

the past study [1]. The flexural capacity o pl: Concrete stress due to prestressing at lower edge  Ap : Area of tendons in beam

was calculated with the method described  preg ; Measwed uiumateload  Petl Pet2: Caleulated with Fq

(1) or (2 ) Shear capacity

in Chapter 3, Pbeal. : Calculated flexural capacity
¥ v "f*?‘j 300 ”“.—T : : H f
Pu= 2[ (l +_: ot A28 } (1) 250 o éll Benéing Cai!culateld Zone
_ A P
13 14 0« I S
100 As, M 5 A _PCL—f G |
2:2 020]””](10(“ ) ( ) (O7S+ }b»d+ fm‘i‘l‘Z d ) g 20 r—m"f ¥
bd d ald 1.15ss 3 R
5.2 Results of Experiment | -gl” i /\, :
‘ g a // Shearing*2 Calculated
Pre-tensioning beam specimens = U e B A N
| | X
The comparison of measured ultimate load of pre-tensioning beams 0 e d ;
toits calculated value are shown in Fig.9. Itis understandable that the \Shea':"g ’ ?a'w’?led
measured ultimate loads are increased accordmg to the increase of 0 0 0 1w o 30 do % 0
prestressing force. The' ‘calculated shear capamty (*1) increases only Tension Level (%) 7
alittle comparing with the increase of | prestressmg force. Therefore, - . T v
it doesn't appralse the increased shear capacity of linear member i'g‘g Rezlatnqnsh‘lp of Ultimate
according to the increase of prestressing force adequately. On the . oad to P;‘:js"frsﬂcnh%on
other hand the calculated shear capacity (*2) can appraise the Al A2 pe 1 o2 po
measured ultimate loads efficiently. The ultimate loads of high 300 T :
prestressing group approach to the calculated flexural capacity, and 250 | . LS""“’"‘_.—':'F dons Broken]
the failure mode also is transferred to the mixed mode of bendmg S ‘u.x:\
andShea”ng g 200 ‘K"" : ("/ N .
SRR IR bvrtios W8 L
'[hecompa.nson of ultimate loads by the type of tendons are shown ¥ 50 s
in Fig.9. X-axis is a converted sectional area (Ap*Ep/Es): the é LK) oot P 2 A
product of the sectional area of the lower edge side tendons and the 2 Tenslon g‘;\'ci
rate of Young's modulus based on prestressing steel, Y-axis is 50 v s 3008
ultimate load, The solid marks in the figure show the failure caused o , o 60%
02 ‘04 06 08 1 1.2 14 16

by the break of the tendons. The effective prestressing force of each
specimen illustrates the amotint of scafter a little, but the qualnauve‘
trend of ultimate load seems to be judged. In this experiment, rio
remarkable effect from the converted sectional area was observed
on the level of each prestressing force, However it is considered that

— 13 —

Converled Area (¢ )

Fig.10 Sensitivity of Ultimate
Load to Converted Area



the failure mode is influenced by the elongation-ability of 1200 Shearing*2 Calculated i Sy

tendon or ils own shearing deformation. In the level of C1 and K0 -1
C2, where tension is introduced and the tendon with low '
residual elongation-ability are used,capacity is lost by the tensile
break of the tendon at the part of the shearing crack or the
P 5 L 2% Bendmg Calculated
600 G‘F;,-,_",. i i .............
) \ Shearing’ 1 Calculated

o

flexural tensile failure, Butin the level of PC, Al and A2, where
the tendon with high elongation-ability and capdbllny to follow
shearing deformation are used, the capacity is lost by the

Ultimate Load (kN)

compressive failure at the upper edge of the conciete beams. w
Furthermore, in the case of C1 and C2 where tension is not 200 .
introduced, it was caused by diagonal tensile failure. The factors : ® Measured
which affect the mode of shearing failure arc mostly clongation- 0 : :
ability, shearing deformability ability,bond ability and so on of A2 Al Clpe
tendons, and qualitative analysis remained untouched. Posl-tension Beam

. . ; Fig.11 Comparison measured ulti-
Post-tensioning beam specimens . .

mate load with calculated capacity
As for the failure properties of the post ~ensioning beams, no 5
cam

shearing crack was observed except for C1 specimens, As for
the beams using FRP tendons,capacity was lost by bending
tensile failure. And, as for the beam using prestressing steel, it
was lost by bending compressive failure. Fig,11 shows the
comparison of the measured ultimate load of the post-tensioning
beams with the calculated value. From the figure, the ultimate
load almost agrees to the calculated flexural capacity.
Consequently, it is understandable that all the beams lost
capacity by bending. While, the calculated shear capacity (*1) is
within the safety side well.

PS-06
C1-PS

C2-PS
5.3 Design Technique A2PS ,

PC-PS
Fig.12 shows the ratio of the measured ultimate load to the 0.0 0.5 1.5 20 25 3.0
calculated one. When the ratio of the calculated flexural (%;a_ﬂ‘%
capacity to the measured one exceeds 1.0,flexural failure occurs, Fig.12 Rai a ‘;” ae red ultimat
and the calculation method has a high reliability. While, the g.1< Kallo ol measured uitimate

“load by calculated capacity

calculated shear capacity (*1) is within the safety side at all the

specimens. Furthermore, when the ratio of the calculated shear capacity(*2) to the cxpenmcntal one exceeds 1.0, it is
a shearing mode failure. When both it and the calculated flexural capacity exceed 1.0, it becomes failure mode mixed
bending and shearing, If the ratio of the calculated value(*2) to the experimental value is less than 1.0, the specimenis
will be destnoyed with bending. In this experiment, the failure mode depends on the type of tendons,but the evaluation
of shear capacity is considered to be covered by the Eq.(2).

6. CONCLUSION

Basic experiments have been carried out for the construction of prestressed concrete highway bridges using FRP
tendons. Prestressed concrete highway bridges using FRP tendons designed based on the Japan specifications for
highway bridge has been assured to have sufficient safety. So, in order to cxtend their application,we will make the

guide to apply FRP tendons for highway bridges.
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After reviewing the characteristics and
properties of fiber reinforced plastics (FRP),
this article outlines the series of research and
development programs that are being
conducted in Japan on FRP materials.
Authors discuss the design and construction
experiences that have been gained from
using FRP materials as a replacement of
conventional reinforcement in prestressed
concrete bridges and other civil engineering
structures. It is concluded that with the
experience gained so far, and as fabrication
costs are lowered, there will be increasing
applications of FRP materials in the con-
struction market. :

considerable attention in the last decade. Research and

development of these materials has been carried out in
Europe, the United States and Japan in a bid to use them as
alternative reinforcement for concrete in place of conven-
tional mild steel bars and prestressing steel tendons. Indeed,
Japan is advancing rapidly toward practical applications of
FRP materials and has become the first country to use car-
bon FRP strands and aramid FRP bars as prestressing ten-
dons in the construction of concrete bridges.

In this article, the characteristics of FRP materials are de-
scribed. The experiences of using FRP materials in Japan
are discussed together with an outline of the scries of na-
tional projects conducted on the use of FRP materials in the
construction of prestressed concrete bridges. Applications of
ERP to other civil engineering structures are reviewed,

F iber reinforced plastic (FRP) materials have received

PCl JOURNAL



TYPES AND
PROPERTIES OF FRP

FRP materials are generally niade
up of millions of organic or inorganic
continuous fibers bundled together
and bonded with resins and special
cement pastes. They have different
physical properties depending on the
fiber content and constituent material
characteristics, as well as their cross-
scctional shapes and configurations.
Fiber content is defined as the ratio of
the volume of actual fibers to the vol-
ume of the FRP material in the direc-
tion of strength measurement.

Configurations of the FRP materials
are classified as bars (or rods), grids
and fabrics. FRP bars (or rods) are
made of continuous fibers in a straight,
twisted or braided form, with fibers
wound round, or silica sand adhered
(o, the surface to improve their bond to
concrete. Carbon, glass, aramid and
polyvinyl alcohol (PVA) fibers are
generally used in Japan, with cpoxy
and vinylester mostly used as resins. A
detailed classification of FRP materi-
als' is shown in Fig. 1.

At present, there are more than 10
companies in Japan that manufacture
and supply various types of FRP mate-
rials. Figs. 2 to 7 show some of the
FRP rods and tendons available. Since
the physical properties of FRP vary
and can be influenced by the manufac-
turing process, standard testing meth-
ods are, therefore, urgently required.
In response to this need, the Japan So-
ciety of Civil Engincers has proposed
five test methods' for determining the
tensile strength, relaxation, thermal
expansion, bond and fatigue properties
of FRP materials containing continu-
ous fibers. Some basic properties of
FRP materials, prestressing steel and
conventional mild steel reinforcement
are given in Table 1.

NATIONAL PROJECTS
FOR USING
FRP PRESTRESSED
CONCRETE BRIDGES

A series of national projects (o de-
velop the necessary technology for uti-
lizing FRP materials as tendons for
prestressed concrete bridges was con-
ducted over a four-year period in

July-August 1993

Japan, from 1989 to 1992. The pro-
jects were carricd out by the Public
Works Rescarch Institute of the Min-
istry of Construction in conjunction
with 10 gencral contractors, Tests and
studies on the properties of the various
types of IFRP tendons and the required
anchorage systems were performed.
Static and fatigue tests were carried
out to investigate the load carrying ca-
pacities and durability of prestressed
concrete members reinforced with
IFRP tendons.

The test results were used to estab-
lish draft guidelines for the design and
construction of prestressed concrete
bridges using FRP malerials as ten-
dons. These guidelines cover material
propettics, design concepts and allow-
able stresses, testing and inspection of
materials, and construction procedures
for concrete bridges using FRP ten-
dons. There is a plan to provide an En-
glish edition of these guidelines. De-
tails of the program for the national
projects in Japan arc shown in Fig. 8.

APPLICATIONS OF FRP
TO PRESTRESSED
CONCRETE BRIDGES

The use of FRP malterials for pre-
stressed concrete structures in Japan
has been described elsewhere.? Here,
the experience of applying these male-
rials to prestressed concrete bridges is
described (see also Table 2).

In 1988, carbon FRP (CFRP) strands
were first used as prestressing tendons
for the Shinmiya Bridge in the Ishi-
kawa Prefecture. The bridge hasa 7.0 m
(22.9 11) wide pretensioned concrete
slab deck spanning 5.76 m (18.9 f1)
across the supports. It is located in the
same prefecture where the oldest pre-
stressed concrete bridge in Japan was
constructed about 40 years ago.

The prestressing tendons used in
the Shinmiya Bridge were 12.5 mm
(0.5 in.) diameter CFRP strands. Six
of these strands were placed in the
bottom of the slab, with two strands
located near the top. Epoxy-coated re-

[Crassification by material |

1. Classification by fiber
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thers
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Fig. 1. Classification of FRP materials.
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Fig. 5. CFRP rods and cables

Fig. 2. FiBRA rods
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Table 1. Basic characteristics of FRP rods and cables, and prestressing steel (manufacturers’ data).

|

Type of FRP cable
CFRP 1 CFRP I AFRP I AFRP I (Reference)
Performance of wire material Carbon fiber Carbon fiber Aramid fiber Aramid fiber ormred steel
- Stranded wire Braided rod SD30
§ Rod and stranded wire 1x7 Rod and deformed Straight rod D10
= 125 ¢ rod
£ .
£ | Nominal diameter  (mm) 125 8 8 10
S | Sectional area (mm?) 76.0 49 50 283 71.33
=
=18 N
§ ‘Z | Matrix material Epoxy resin Thermosett-mg Epoxy resin Vinylester resin -
2ig epoxy resin
§ § Fiber content (percent) 64 65 65 65 1 —
2z Weight (ke/m) 0.151 0.08 0.060 0.036 § 0.56
=] - T
8 Tensile strength (kg/mm) 191 i 157 128 180 ! 49-63
£ |, | Elastic modulus (kg/mm?) 14000 15000 6500 5400 21000
-— o 1 H
§‘ % | Elongation at failure  (percent) 1.6 1.21 22 33 ! : 18
§ § 3.5 (estimated i 3.7 (estimated <
=] ‘_:t'c' Pure relaxation (percent) overaperiod | overa period 7 7~14 —
=1 of 30 years) |  of30 years)
% 0.60,.0.8 ¢,
&= " ! (estimated over ; :
. , - 200 ; — - . ! —_
Initial load: age (P,hr) 0.8 P: 20°C 0.5~0.7P,: 100 hr a period of §
30 years) !
Temperarure | COcHicient of i
CTPSTARWTY ! linear expansion Under 0.6x 10 | 0.68x 10% -5.21x 10% 5.7 % 10 : L 1L7x10°
characteristics | :
j (per deg C) :

Note: 1 mm = 0.0394 in.; | mm’ = 0.00155 sq in.: | kg/m = 0.672 1b per {t: C = 5/9 (F-32).
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1989 i 1990

of FRP cablcs

FRP cables,

* Investigation of the required performances

¢ S(udy of |hc qudlnauvc chamctcnsucs of

¢ Study of a sheath of a prestressed concrete
girder using FRP cables as tendons,
through loading tests.

1991 1992

* Study of the method of anchoring a
prestressed concrete girder using FRP
cables as tendons, through loading tests.

* Study of the durability of a prestressed conerete girders using FRP
cables as tendons.

* Study of the load-bearing capacity of a
prestressed concrete girder using FRP
cables as tendons.

¢ Establishment of
draft guidelines
for the design
and construction
of prestressed
concrete bridges.

Fig. 8. Program for the development of the technology of utilizing new types of
materials as prestressing tendons for concrete bridges.

inforcing bars were used as stirrups.
CFRP strands were also used as pre-
stressing tendons for the Hishinegawa
Bicycle Bridge at the same prefecture
in 1992 (sce Fig. 9). Pre-bent CFRP
rods were used as stirrups.

CFRP rods were first used as pre-
stressing tendons in a simple two-span
post-tensioned concrete highway
bridge in 1989 as part of the Bachi-
gawa-Minami-Bashi Bridge in Ki-
takyusyu City. The two-span bridge is

2.3 m (40.5 f1) wide and 35.8 m
(117.5 ft) long. The deck structure com-
prises an 18.25 m (59.9 f1) span with
pretensioned girders and a 17.55 m
(57.6 ft) span with post-tensioned gird-
ers. Details of the bridge are shown in
Fig. 10.

CERP rods were used in one of the
two post-tensioned girders with a
solid rectangular cross section. Eight
multi-cable tendons with eight 8 mm
(0.3 in.) diameter CFRP rods each
were used in the post-tensioning. The
wedge-type steel anchorage system
used in the bridge is shown in Fig. 11.

On another interesting project,
braided aramid FRP (AFRP) tendons
were used in the construction of a
composite deck-and-girder bridge. Sit-
vated in a picturesque golf course, in
the Tochigi Prefecture, the bridge was
completed in 1990. It has threc spans
of 11.98 m (39.3 f1), with a width of
2.40 m (7.8 f1). Fig. 12 shows an over-
all view of the bridge under construc-
tion. The deck and girders were de-
signed in accordance with the JIS
specifications. Braided AFRP tendons
of 14.0 mm (0.55 in.) diameter were
used in three of the 21 girders.

Fig. 13 shows details of a pre-
stressed concrete highway bridge
using AFRP rods as prestressing ten-
dons. The bridge was erected at the

Table 2. Some examples of prestressed concrete bridges in Japan using FRP materials.

Bridge name Fiber Structural fype Span (m) | Width (m) Tendon Reinforcement Completion
Pedestrian Olass Pretensioned slab 50 12 o o 1988
Shinmiya g::;l::]n (PAN) Pretensioned slab 5.6 7.0 ¢125 Epoxy reinforcing bar 1988
Nagatsugawa g:: Lll)‘(:’nrf)l;AN) Pretensioned slaF) 8.0 2.5 $125 g:(l](l’ 1989
Bachigawa minami g:ibon ) Post-tensioned slab 17.55 12.3 i{ﬁl?iplc ls{(ccicnlforcing bar 1989
Tulvas g::::;;% Pretensioned slab 11.98 24 ¢ 14 g::ci:lforcing bar 1990
. e g | Pretensioned stab 1239 I Drormed rod 1990
Birdie Polyuona Suapento 46.5 21 |30486x195 | Soend 1990
Hakui Garbon (PAN) E;‘lco“\ii‘s’l':fb" 10.5 35 |29 Strand 1991
Takahiko pramic Pretensioned floating | 54.87 VIR Braided 1992

Note: 1 m=3.28 f(;  em = 0.394 in. V
54 PCl JOURNAL
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freight entrance to a concrete products
manutacturing plant during 1990 to
1991. The bridge has a pretensioned
composite deck-and-girder spanning
12.5 m (41.0 f1) and a post-tensioned
box girder spanning 25.0 m (82.0 f).

Hg. 9. General view of concrete bridge preslressd with CFRP slrans. B

AFRP rods were used for both the
prestressed and non-prestressed rein-
forcement. Both wedge and mold-type
anchorages were used in this bridge. A
multi-wedge type anchorage system is
illustrated in Fig. 14. Anchorages for

single rods and multiple cables con-
taining three to 19 rods are available
for the prestressing system adopted in
this project.

ATRP bands were used as prestress-
ing tendons in a pedestrian bridge

BRIDGE LENGTH 35800 g@rs_"_aso
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Fig. 10. General details of Batigawa-Minami-Bashi Bridge.
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Fig. 11. Anchor head for CFRP rods.

built on a golf course in 1990 in the
Ibaraki Prefecture. The bridge has a
post-tensioned suspended slab that
is 54.5 m (178.8 ft) long and 2.1 m
(6.9 1) wide. All the AFRP bands
have a cross scction of 4.86 x 19.5 mm
(0.19 x 0.77 in.), each with a guaran-
tecd strength of 118 kN (13.2 ton f).
Eight of thesc bands were combined to
form a single tendon; a total of 16 ten-
dons were used.

5

56
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#

Fig. 12, Overall view of concrete bbridge présiressed with braided AFRP tendons during

A pretensioned, prestressed concrete
floating bridge (see Fig. 15) using
aramid and vinylon FRP materials was
constructed on a pond inside a golf
course in 1992, The bridge is 56.37 m
(184.9 1) long and 4.0 m (13.1 (1)
wide. Six precast, prestressed pontoon
units were transported by truck from
the precasting plant to the project site.
The units were launched on the pond
and assembled using externally post-
tensioned AFRP tendons. The same
tendons were used in pretensioning the
individual units and as reinforcing
mesh in the upper deck of the pon-
toons. Vinylon FRP rods were used as
stirrups in the webs.

Monitoring systems have alrcady
been installed in some of these
bridges. They consist of gauges which
mceasure the cffective compressive
stress in the concrete, thermocouples
and load cclls at the ends of the FRP
tendons. From these measurcments, it
is possible to determine the differen-
tial tensile stresses in the rods, evalu-
ate the reliability of the anchorage sys-

tem and the clastic behavior of the
FRP tendons, and predict the overall
structaral behavior of the bridge under
service loads. Reliable data have been
gathered to check the performance of
the bridges. Preliminary readings
show that the performance of the
bridges is excellem.

APPLICATIONS OF FRP
TO OTHER STRUCTURES

Since corrosion of FRP is unlikely.
the application of these materials as
prestressing tendons, reinforcing bars
and tics for marine or waterfront struc-
tures is now attracting attention. Re-
cently, CEFRP grid material was used
as reinforcement for fenders attached
to an existing pier.

Another arca of application of FRP
materials can be found in the construc-
tion of floating piers and breakwaters.
Lately, a polygonal floating structure,
code-named “HMS,” was developed
by the Japanese Ministry of Transport
for marines. The HMS was formed by

”

construction.
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six reinforced, prestressed concrete
pontoons tensioned together using
8 mm (0.3 in.) diameter CFRP rods.

A further example of using FRP
materials in a similar application is
the construction of a concrete wharf
in the Ehime Prefecture of Japan in
1991. Seventeen holtow concrete gird-
ers were prestressed together to forin
the wharf deck using AFRP rods.
General details of the wharf are shown
in Fig. 16.

FRP malerials are now widely uti-
lized in other areas of civil engineering
construction. For example, glass FRP
(GFRP) materials are used as substi-
tutes for welded-wire mesh for shot-
creting tunnel surfaces. In such appli-

July-August 1993

Fig. 13. Prestressed concrete highway bridge using AFRP rods.

cations, FRP materials have the ad-
vantage of being lightweight and easy
to handle; they are practically corro-
sion-free and can easily be molded
to the tunnel surface.

Fig. 14. Multi-wedge type anchor.

Both GFRP and AFRP materials
have been used as rock bolts in tunnel-
ing as well as ground anchors for re-
taining structures. Other successful
applications of FRP materials include
reinforced carth construction for em-
bankments, external prestressing of
tall chimneys, and in building con-
struction. In a building constructed in
Japan in 1989, all major beams span-
ning 21 m (68.9 {t) were post-tensioned
with FRP tendons.

CONCLUSION

Some experiences in using FRP ma-
terials in Japan are documented in this
article, In 1992, the Concrete Commit-
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Flg 15 Overall view of prestressed concrete ﬂoatlng bridge.
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Fig. 16. General details of prestressed concrete wharf.
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tee of the Japan Society of Civil Engi-
neers sct up a subcommittee for estab-
lishing “Recommendations for the De-
sign and Construction of Concrete
Structures Using FRP Materials.” It is
expected that a committee report will
be published in 1995 on the outcome
of the subcommittee’s deliberations.

Considering the fact that FRP mate-
rials are practically corrosion-free, it
can be expected that these materials
will find incrcasing use in the con-
struction of offshore structures and
waterfront facilities. Since the materi-
als are non-magnetic, they are highly
desirable in the development of sup-
port structures for magnetic levitation
transport systems.

With the experiences gained so far,
and as fabrication costs are lowered,
there will be increased applications of
FRP materials in the construction
market.
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