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ABSTRACTI  Nine  types  ofFRP  rods  and  a defbrmed steel bar were  used  in the laboratory

  testing. From  the test results,  itwas concluded  that the influences ofFRP  material  properties
  on  the flexural behavior were  primarily characterized  by modulus  of  elasticity and  bond

  characteristics.  The predictions of  crack  performance and  beam  deflections by some  codes'

  equations  were  cornpared  with  experimental  tesults,  Calculation equations  currently  available

  need  to  be modified  to respond  to  the diversity ofFRIP  material  properdes.
KEYWORDSI  FRP  reinforcement,  concrete  beam, flexural property, laboratory testing

1 . INTRODUCTION

    Various types of  FRP  reinforcement  have been researched  for their mechanical  properties in

concrete  members.  These researches  have proven that most  of  the calculation  methods  for converrtional
reinforced  concrete  mernbers  can  be applied  to FRP  reinfbrced  concrete  members.  However, some

modifications  must  be made  to respond  to the diversity ofFRP  reinforcemerrt[ll[2].  It may  be supposed
that a  factor to distinguish different fiber material  types and  another  factor to reflect various

geometrical shapes  ofFRP  reinforcemerrt  are  necessary,

    ln view  of  the above  consideration,  this study  adopts  a  way  of  comparative  experiments  to

investigate the effects  of  FRP  material  properties on  the flexural behavior of  beams. Twelve types of
FRP  rods  were  chosen  for use  in the fiexural tests ofbearns,  bond tests and  bond cracking  tests of  the
rods.  Here the experirnental  results of  nine  beams reinforced  by FRP  rods  and  a  beam reinforced  by

steel bars under  short  term loads are  preserrted.

2. 0BJECTIVE

    The  fiexural behavior of  reinforced  concrete  bearns usually  means  the deflections, cracks,

distribution of  strains, and  yieldlultimate moment.  They  are  principally affected  by the propenies of

componerrt  materials,  the shape  of  cross  section  and  stress condition.  Among  the material  properties the

strengths  and  elastic moduli  of reinfbrcemerrt  and  concrete  are  the most  irnportant factors. [[he bond

characteristic  of  rcinforcemerrt  is also significant to the crack  perfbrmance and  the behavior of  cracked

beams. Past researches  showed  that bond characteristic  was  dependent on  the ratio of  elastic moduli,

stress level and  surface  shape  of  reinforcemerrt.  Higher stress level, lower elastic modulus  and  various

surface  shape  of  FRP  reinfbrcemerrt  make  its bond characteristic  difTererrt from that of  steel bars[3].

The aim  of  this research  prograrn is to comprehend  the effects  ofthe  propenies of  typical FRP  rods,
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especially  the bond characteristic,  on  the flexural behavior of  concrete  bearns,

    In this paper, based on  the experimental  results of  beams under  short  term  loads, the fo11owing
aspects  are  described and  discussed: (1) Beam defiections and  the influence of  FRP  rod  type; (2)
Crackmg perfbrrnance and  its calculation.

3. EXPERIMENT  SCIIEME

3.1 FRP  RODS

    The FRP  reinfbrcement

used  in beam specimens

included three kinds of  fiber
materialsi  carbon,  aramid  and

glass, and  four types of  surface

configurations:  spiral and  braid

pattemed, deformed and  strand

[see Fig. 1]. Their primary

properties are  listed in Table 1.
The rods  specified  with  the
same  surface  configuration

were  produced by the same

manufacturer.

 
--/,,'r

 Eigi' tt'g,?･'･,.f･1/#･iifi,･' ,,i･s･.",-i-

   de  ,, t .

.,
 

.V

 
-'-t/,

 ,.-/,.'i-., li･.l;.-kl /,,.,

    . .. /L..  .

t,iliiAiF'･illl
'

ll,,/'
.･rl.Ilil

"

1,'gil･/rlllli
'

///iiii,,'

i,,//11ill,;,i-･
   Fig. 1.

TABLE1.FRPRodsforBeamSpecimens

NoIdentifi-'catlonFiberTypeCorflgu-'rationElasticModulusE(GPa)
TensileStrengthft(MPa)

12345678910GF-S?-8AF-D
 -gAF-Sp-8AF-B

 -7CF-D

 -8CF-ST-7.5

CF-B -7CF-Sp-8CFx-Sp-8

SD34S-13

GlassAramidIJIJCarboniJilIJIISteelSpiralDeformed

SpiralBraidDeformed

StrandBraidSpiralJlDeforrned

 47.0
 75.8
 73.7
 63.4126.1120.9130.0141.5197.3210.0

 1240

 137e

 1230
 1940

 1740

 2210

 2580
 1700

 1470
     .

493/699

tt}t''f"'//"ttt./t

 t/tt/-,･,,

 . 
'//ltl.l-･1･t,l

*
 Yieldlultimate stresses  of  reinfbrcing  steel

'ttei'
 .fi,//,.-  ts,,･g'k,, 

"'

 ..$･.,/ 
'
 .{Iits. 

'"
 .it:lt･''''irk.s'

                
･
 

･::-i･,
 ew.P.                t t tttt

                        /tt  /                         'tw
                         } ta.

Configurations of  Tested FRP  Rods

k/llte,.-
   l!

 t .t  /.
- ,' sl: 

'/'t-'
 

't'S':'
 ../lai,  t ttt

  tttt ''ttt 't ' 't tti
 ,'1.t"'l,,//

 {. /l:'.
 /'w' ..gelf',lt･,l,1t

 //t

 
･,k,,

 wwma,.t,/

,kS4-/,L,L,/nv..'s/.

 ,/tig /ge.

g'/i'ff,,S, IE.･.-fllj, i, !.,.
  ,,grg.. 

'
 ,,ge/z

 ---.}L.-,.,ger/t

 ttt{

3.2 CONCRETE

   NI  the concrete  used  in this research  program was  designed with  an  ideniical mix proportion. [[he
compressive  design strength is 36.0MPa. Portland cement,  washed  sand  and  gravel with a  maximum

size  of  13mrn were  used.  The  waterlcementratio  was  O.58 and  the mix  proponion was  1i2.24i2.34(by
weiglrt)=cement:sand:gravel.

   Specimens werc  cast  in an  upright  position and  vibrated.  After 3 hours, the exposed  surfbces  of

specimens  were  smoothed  with  trowel and  then made  ainight by plastic film. After 2 weeks,  tlie
specimens  were  unmolded  and  cured  in a  new  airtighr condition  until  testing.

3,3 BEAM  SPECIMENS

   Prismatic beams with  the dimension of  150mm  × 250inm × 1545mm  were  used.  The varied  design
factor in specimens  was  the type  of  FRP  rods.  Fig. 2 iltustrates the details ofa  typical bearn specimen.
The individual specimen  parameters are summarized  in Table 2. Since this group of  test specimens
dealt with the flexural properties, conveniently,  high strength deformed steel bars were  used  as  stirrup.

in order  to maintain  the ultimate  moments  ofall  beam specimens  on  roughly  the sarne  level, the number
of  reinforcement  rods  in each  beam was  altered  with response  to the maximum  tensile force.
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TABLE2.  TestResuitsforBeamSpecimens
Rod

BearnIdentifi-cation
Beam

Bars'Reiforee-mentRatiotO!o

ConcreteStrengthgB(MPa)SustainedLoadPs(kN)ShertTermDeflection6s(mm)

GF-Sp-8AF-D-8AF-Sp-8AF-B

 -7CFD-8CF-ST-7.S

CF-B-7CF-Sp-8CFx-Sp-8

SD34S-13

O.813O.457O.457O.465O.305O.369O.349O.457O,457L1737.236.136.737.632.034.036.834.233.935.545.329.S29.547.534.334.347,538.538.545.37.073,513.489.794.S24.385.133.172.501.70

$@va
ot/

LlL2L3L4L5L6L7L8L9LIO¢ 8 ×5O

 8 × 3O

 8 × 3O
 7× 4

¢ 8 × 2di

 7.s× 3O7

× 3O

 8× 3di
 8× 3D13

× 3

za

oE8

N

* Same type and  number  of reinfbrcing  bars used  for top and
 bottom of  each  beam

3.4 TEST  SETUP  A]ND LOAD
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    Every pair of  beam specimens  were  settled vertically  in

opposite  direction with  an  end  being held by a  roller  on  a  set of

experimental  apparatus.  They were  simply  supported  and

subjected  to two  concentrated  1ateral loads. Each apparatus  is a

mechanical  loading system,  as  schematically  illustrated in Fig. 3.

The weighis,  which  are hanged under  the end  of  lever arm,  are

magnified  twenty-fold'by  leverage into the loads fbr beam Fig.2. TheRinforcement

specimens,  Details of  Beams

    As long terrn testing, an  important index is the stress  level of  longitudinal reinforcement.  The

specified  stress level in this laboratory testing was  a  third oftensile  strength  for all the beam specimens.

The sustained  loads of  beam specimens  were  shown  in Table 2, During testing monotonic  loads were

gradually increased.

3 , 5 MEASUREMENT

    Beam  specimens  were  measured

with displacement transducers for the
deflections under  midspan  and  load

poirrts, and  with strain  gages for the
strains  in main  reinfbr ¢ ement.  The
development of  cracks  was  observed

and  marked  after  each  stage  ofloading.

The widths  of  the main  cracks  werc

measured  and  recorded,

oCtl1mlKt'owotolp

n
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4. PERFOmoCES  OF  BEAMS

    The deflection responses  of  FRP
reinforced  concrete bearns displayed a

similar  characteristic  as conventional

reinforced  concrete  beam. The load-

;

r 2orro-

Fig. 3. Test Setup of  Beams
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deflection relationship  could  be described by a  bilinear curve  with a  turning poirrt when  crack  occurred

(see Fig, 4). [[he instaritarieous defiections ofbeam  specimens  after the application  of  prescribed loads

listed in Table 2 indicated that the deflections of  FRP  reinforced  concrete  bearns were  sma11er thaii that
gf  the beam reinfereed  by steel.

    The crack  patterns in FRP  reinforced  concrete  beains were  similar  to tliose in reinforced  concrete

beam as shown  in Fig. 5. Howover, the crack  wicffhs in the formers were  obviously  greater than those
in the latter, even  in the bearn reinforced  with  the FRP  rods  having a  high eiastic modulus  cornparable

to steel bar.
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Fig.5. CrackPattemsofBeamSpecimens

5, ANALYSIS  AND  DISCUSSION

5. 1 DEFLECTIONS

    Tf!e defiections of  FRP  reinforced  concrete  beams showed  strong  dependence on  the elastic

modulus  of  rods  as  shown  in Fig. 6, For the present, calculation  methods  for deflection of  cracked

c(mcrete  beains reinforced  with FRP  eEm  be classified  irrto two catcgories:  (i)to apply  the ca1culation
equations for reinforced concrete members  by replacing only  the material  pararneters of  steel bars with
thQse of  FRP  rods,  and  (ii) to adopt  the previous calculation  equations  including steel parameters but
substitute  the results  with  FRP  pasameters. The defiectiens predicted by the following three calculation
metheds  are  shown  in Tahle 3.

(l) ACI  code's  equation

    For the section  ofcracked  conc[ete,  the effective moment  of  inenia is eyaluated by the fo11owing
expTesslon.

          I, =JB3I,  -F (f-173 )I,. (1)
where  "==Mcr ZM., the ratio ofpredicted  cracking  moment  to the moment  ofbearn  imder  sustained

load, k is the inertia moment  of  equivalent section,  and  L, is the inertia momerrt  of  cracked  section

about  the neutral axis by ignoriitg the effect of  the concrete in tension.

    As can  be seen  in Tabie 3, defiections predicted by Eq. (l) agreed  well  with the experimental
results. The reason  might  be considered  that %. reflected  satisfactorily  the influences of  modulus  of

elastieity  and  reinforcement  ratio of  FRP  rods.  [fiiis equation  identically overestimated  the flexural
stiffiiess of  all the tested bearns except  Beam  L1 with an  exceptionally  high reinforceinent  ratio,
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TABLE  3Predicted  Deflections(mm)
E,1) E,(2) .(3)

Beain6cal6eat6eat6cai6cal6cai
Sexp 6exp 6exp

LlL2L3L4L5L6L7L8L9LIO7.791.802.667.302.773.694.003.062.211.631,10051O.76O.75O.61O.84O.78O,97O,88O.964.54
 3.854.2819.86.16

 6.50
 9.99

 5.74

 2.65
 1.16

O.641.101.232.021.361.481.951.811.06O.6813,78.669,814.829.3010.414.8O.662.79

 1.16

1,952.462,82O,502,062.382.88O.211.11O.68

250

a. 2oogZ

 150E.S

 100･g-di

 50

o

                                               O.O 2.5 S,O 7.5 10.0 12.5

                                                        Defiection(mm)

   Ayerae  O.80 1 1.33 1 1.7o Fig.6. RelativeDeflectionsvs.

                                                 Reinforcement Properties
The  overestimation  became more  evident  for those beams reinfbrced  wnh  lower modulus  of  elasticity

ofFRP  rods.

(2) AH  code's  equation

    In the calculation  for the fiexural stiffhess of  reinforced  concrete  members  the fo11owing reducing

coefficierrt is irrtroduced.

          a,=(O,043+1.6blip,+0.04.fti/D)rd/D)e  (2)
where  n=]Ebr !CEi. for L1-L9 and  n=Es  G  for L1O, the rnodular  ratio of  reinforcement  to concrete.  pt
is the tensile reinforcemerrt  ratio  in bearn section,  a  is the length of  shear  span,  and  D  is the overall

depth of  section.

    Since upi represented  the properties of  reinforcemerrt,  it was  supposed  that Eq. (2) could  be
applied  directly for FRP  reinforced  concrete  bearns provided that the pararneters of  FRP  reinfbrcement

were  supplied[2].  The calculation  results indicated that Eq. (2) overestimated  the reduction  of  the

flexural stifftiess. Looking into the process of  calculation,  the second  term in the equation,  which

refiected  the effect  of  the reinforcement  propenies, possessed too small  contribution.  It may  become

necessary  that the factor for upt should  be re-deterrnined  for FRP  reinfbrced  concrete.

(3) A  modified  equatien[2]

    Eq, (2) was  induced from the experimental  data of  conventional  reinfbrced  concrete  members,

thus a  suggestion  for applying  it in FRP  reinforced  concrete  beams was  that a,  was  calculated

routinely  with n  =  El, / E. , then the fo11owing modification  was  made.

          amp=arrRc)Ef/Es  (3)
    After al1, the mechanical  significance  of  such  a  treatrrient is not  c!ear  enough  to be understood
easily, as the first term in Eq. (2) is a  quantity that is not  directly related  to the propenies of

reinforcement,  In fact, the calculation  results  showed  that Eq. (3) could  hardly evaluate  the flexural
stiffhess of  FRP  reirrforced  concrete  beams,

5.2 CRACK  CHARACTERISTICS

    The fo11owing equations  are  currerrtly  used  by AIJ to evaluate  the crack  perfbrmance in
reinforced  concrete  bearns.

          Mmax=1'ewav7 PPZv=lavSt,av (4)

          l..=2rc+s/10)+kip/p,  (5)
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where  rz.. is the maximum  crack

wi[hii(cm),  M.. is the mean  crack

widrh(cm), l.. is the mean  spacing  of

cracks(cm),  s}.. is the mean  strain  in

reinforcement  bars, c  is the depth of

concrete  cover(cm),  s is the distance
between reinforcement  bars(crn), k is a

coerucierit  which  considers  the type of

member,  pt is the bar diarneter(cm), and

pe is the sectional  area  ratio of  tensile

reinforcement  bars to effective  tensile

concrete.

    Table 4 shows  that the above
     .equations

 can  give good prediction on  the
whole  for FRP  reinforced  concrete  bearns.
The predicted mean  wiclths  of  cracks  were

fairly larger

experimental  information may  be necessary.

TABLE4  ExperimentalandPredicted

          Widths and  Spacings of  Cracks
VVav,ctt 'ev,ceim...(mm) lav,adi(cm)

Beammav,mp(mm) Wov,elplav,ep(cm) 1ev,exp

LlL2L3L4L5L6L7L8L9LIOO.48O,36O.24O.74O.38O.33O.42O.25O,21O.10O,61O,44O.32O.98O.65O.44059O.43O.38O.0811,271,221,331,321,711.331,401,721.81O.81 9.710,1

 9.310.412,4

 9,512810,1

 9,410,O

10.310.910.912.914.211211.510.910.9

 9.2

1.061.08L171.241.!4L18O.901.081.16O.92

Avera  e  (Ll-L9) 1.46/ /LII

than the experimental  values.  thus the alternation  ofsome  factors on  the basis of  suMcierrt

6. CONCLUSIONS

    (1) From  the experimental  results of  defiections, the fiexural stiffhess of  FRP  reinforced  concrete

beams was  Much  smaller  than that of  the beam reinfbrced  by steel, and  the reduction  tended  to become

great with  decreasing modulus  of  elasticity and  reinforcement  ratio  of  FRP  rods.  
'Ihe

 effects  of  FRP
reinforcement  on  deflection can  be reduced  to modulus  ofelasticity  and  reinfbrcement  ratio.

    (2) The calculation  methods  currently  available  for reinforced  concrete  beams could  not  properly
evaluate  the deflection of  FRP  reinforced  beams.

    (3) The patterns ofthe  flexural cracks  in FRP  reinforced  concrete  bearns were  proved to be the
same  as  those in reinforced  concrete  beams. However, the widths  of  cracks  were  smaller  than the

predicted values  from the equation  for converrtional  reinfbrced  cencrete  beams

    (4) It is necessary  to introduce er  atter  a  few factors in some  empirical  equations  in order  to

reflect the difference arnong  the fiber materials  and  configurations  of  FRP  rods,  since  some  of  the

existing  equations  could  not  eyaluate  the properties of FRP  reinforced concrete  beams acceptably.
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