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                     ABSTRACT
Strnctusal application of Stee1 Fibre Reinfbroed Concrete (SFRC) requSies  indepth evaluation  of  its
strength  ancl performance. Iiifiuernc of  steel fibre on  concrete  materia1  propenies arKl defbrrnation is
better unclerstood  uixier  fu11 field rneasuremerrts  by optical  rnctbod.  This study  therefore clarifies the
material  characteristics  atri defdnnations of SFRC  based on  Electronic Spockle Pattcrn 1nterferometry

diSPD aed  couveutional  mettK)ds.  SFRC  vi,as fomi  to be superior  in shear; tensile and  deformation
capacity; with  m  irrrpruvemeut in conrpressisre  strengttL ESPI  yielded more  detai1ed artd better resu1ts.
Key words:  Seet fibre reinforced concrete, Srength, Electronic Speckle Pattem
        tnterferometer, Fult fiekl optical  method

1. INTRODUCTION

   Inclusion of  steel fibres in concrete  offers a

corrvenient  aiKt  practical incans  of  achieving

irrrprorrements in engineering  propenies of  concretc.
Plain concrete  is briule while  steel fibre reinforced

conciete  (SFRC) is a  bomogenous ductile composite
product. Steel fibres in ooncrete  is expected  to eime

the post ciacking  tensile strength of  the cornposite  ant
its fmm  er)ergy [1-2], This could  be attributed  to the

even  arKl random  distribution of  fibres througbout the
volurre  of  concrete  at much  closer  spaciqg than

conventional  reinforcements.  As a  result  enharK)ed

cqpacity  in crack  contioL  ftacture toughnes&  ductility,
eretgy absorption artl tertsile strengths  in SMC  can  be
realized  SFRC  has beenwidely used  as  reinfbrcements

for in(histrial fioors, sboterete  for tunrrcls and  pipe
repair  {3]. Stnictural application in sbear  hiture control
is still not  clarif/ied. Fuitlrcrmore, limitations in
traditional measuremerit  rnethods  hiader the fu11

potential of  quantifying and  understancling  thc behavior

of  the material  under  dnrTnations. Accurate
measurement  of  surfaoe  deformations is much

significant in clarifying  the g[vverning mochanism  of

mechanical  phenomcrK)n in concrete  [4]. Understanding
of  the afbrementioned  benaficial rnaterial propenies
and  behavior in SMC  derefore requires  adrarKed

rrreasurement  teclmiques sucli as optical rnetbods.

   In corventional  metbods,  strain measurement  is
at a poiirt and  it depeixis on  stability of the gaugos
during the deformation of the specimen FurthermDre,
definite idei!tification of  the actma1 cracking  stage  and
regions  of  higli dcfbrmations is difficult in the

corrverrtienal approactr  [[he latter qpproach is only

possible after the specimens  have pbysically fai1ed,
Howeveg  a fu11-field optical  rnethod  offers the

possibility of  capturing  these dofbrmations rea1 time.
The merit  of  this method  is that final results can  be
compared  with  t!nse  ftom finite elemeirt  analysis

rrKxlels [5]. Principles and  theoretical background of
the optical metlxxt  have been given in details in [6].
   The dtijeedve of the present study is to clarifY
tbe material  prupedy characteristios  and  defbrrmation
behavior in stee1 fibre reinfbrced  corrcrete (SFRC) by
optical fu11 fiekl rnctbods.  [fivo diincnsional optical  ful1
-field ESPI was  used  to measure  displacemerrts, strains

and  captuie  tbe deformabon pamerns in steei fibre
concrete  beams aixl cylinders in coajunction  with the
corrvendonal  ut.  The results obmi  sbowed  that

SMC  is superior  in shear; tensile and  deformation
cqpacity in conrparison wtth  irormal  concrete.

Howeveg  there was  mo  inrprovement in the
cornpressive  strengtlt Failure pattern obtained  by ESPI
metbod  was  found to be in agreement with  pltysical
faiim pattern observed  during the test. Geimally, ESPI

yiekled detailed and  better results in courparisofi with
tbe corrventional  metbod

2. TEST  PROGRAMS

2.t tVlaterials
av nbre thncvete
   Normal concrete with  an  average  strepgth of

38MPa  was  made  ffom standard  ordinary  Portland
eement  and  aggregates  meetirrg the JSCE  guidelines for
Conciete [7]. It was  variably  (O.5, 1.0 arKl 1.5%)
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reinfbrced  with  end  hookod discrete steel fibres (Fig.1).
In order  to aehieve  a wotkable  mix, O.8% of  an  AE
water  reducing  adinixture  (POZOLISl5L) was  used  to
irnprove the fiow without  increasing the water  content.

The  mix  design was  carefully  designod to ensure  that at
least the percentage ef  fines was  more  than 40%  of  the
tota1 aggregates.  Vaiable mix proponions were  used

aocording  to the fibre content  as shown  in 
'lable

 1. In
effect the steel fibTes became paTt of  the mix

ingredie gates.

Fig.1 Collated end  hooked steel  fibre

TablelMixrortionsKm
FibrecontenteloWaterCementGravelSandAE

o 171377 9387123
O,5 171377 9307073
1 171377 9237oo3
1.5 171377 9166953

 av Reit!foncetnents
   ln addition  to the stee1 fibres, 6mm  diarneter
deformed rei)ars were  used  in the beams to ieduce  the
influeirce of  flexural deforrnations. The  stee1 fibres

were  O.62mm  in diarneter arKl 30mm  in length giying
an  aspect  ratio of  48.4. The  propenies of  these
reinfbieements  are given in 

'lable

 2.

-lable
 2 Characteristics of reinforcements

TYpe E[asticModuluslmmiTensilestrengthaRemark

fibres 210 1ooOEndboeked
Rebars 210 340 Deformed

converrtional  strains were  used.  The complete  set up

was  as  shown  in Fig.2, ec)rrventienal strains and

displaoements were  measured  using  normal  strain

gauges and  Linear Vatiable Differendal [[iansformer
(LVDT) disp1acement probe on  the split and  fiexural
test spe[  imens, respectively,

IIII

Fig.2 Optical and  Normal test $et up

P P
a

eAi2No.6mrnRebar

A2

Stuin gange

(a) Flexufe (lndirect shear)

2.2 test set  up  and  procedure
   The tests spocimens  consisted  of  six 4oox  1oo
x  100mm  bear"s and  twelve mmher  cylinders of

2oomm  diarneter by 200mm  beighr rnade  ffom plain
and  steel  fibre reinfbrced  concrete.  All the specimens
were  cured  under  water  for period of  28 days before te
testing. Cominuous curing  under  complete  immersion
was  clone in order  to maximiz2  the concrete  strerlgth

gairi and  iirrprove bonding with  the fibres. Tests on  the
beam  and  the tensile strength  specimems  were  done
using  a 3ookN  capa[ity  universal  tesdng rnachine.

Contro11ed loading was  applied on  the specimens  while

the ful1-field strains and  dmplaoements were  monitored

and  recorded  usirrg  a  set of  optica1  measuremerrts

equipmerrt system (ESPD comprising  a  desk top
compster  and  CCD  camera  (2D sensor  type). In
addition  to the universa1  testing rnachine,  a data logger
and  laptop for contro1  and  recording  of  loads and

ForecP P

d(2oo}

FervcPspttt P

(b) Split and  Compression

R
ForceP

 ForcePanyretihn

        Fig.3 loading arrangement
Cornpresslon test were  undertal[en  using  a  600kN
universal  test machine,  while  the strains were  measured

using  strain gauges, In order for shear  failure to occui;  a

shear  spanaof  82mm  and  depthd  of  82mm  was

adopted (Fig.3a), Tlhis corTesponds  to a  shear  span to
depth ratio of  l. Selected ESPI  strain and  displacement
data were  obtained  at pointsA, andA2  respectively  as

sbown  in Fig.3a

   Specimens for ESPI rneasurement  had the target
surfaces  sprayed with  specia1  white  (UNI GIo) paint to
create  a refiective surface  in order  to obtain  a better
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contrast  in the  captured images  during loading. The
loading anangement  for the bearns an[t ¢ ylinders was  as

sbown  in Fig,3 (a) and  fo).

3. RESULTS  AND  DISCUSSION

3.1 Averagematerialproperties

    
'lable

 3 shows  the surnmary  ef  the average

material  propenies obtained  ffom the split and

compressive  tests respectively.  Tliere is an imrease in
the uttimate  tensile stremgth  in the case  of  1 and  1.5%
fibre reirtfbrced specimens  with r)o irnprovements in the
coinl)ressive  strengths  for al1 the fibre reinfbrced

specirnens.  Gcncrally ttrere is gradual increase in the
Elastic mocin1us  but with  iK) signif7icant change  on  the
Poissonratio.

Table3Aveematerialroerties
NbreCornpressiv¢ TensilePoissonE

olo (N/mm (Nlmm2ratioN/mm2
o 45.07 3.67 O,1831108
O.5 37,68 3.37 O.1946517

1 42.40 4.40 O,22S4504
1.5 37,82 4.86 O.1954766

3.2 Compressive  Strength
    Altbough Infhience of  steel fibres on

corrrpressive strength was  found to be minimal, bere is
gonerally aii inrprovement in stiMress  in the initial
stages  particularty in the fibre reinfbroed  specimens
results, As a result the secant  MOdiilus is also  6bserved
to hErve also  increased accordingiy.
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The  results  of  the eompression  test are in agreement
with  this argim}ent.  Because of  the cylindrical shape  of

be  spe[imers,  two  dimensional ESPI measuiernents

were  not  undertaken  Three dimensional optical

systems could be a best suit this kirHi of  specimen

o e.oo1StrainO.oo2

Fig.6 Compression strength

O.oo3

Decrease in the ultimate compressive  strength was

observed  to oocur  in SPO,S and  SPI.S% specimens as
depicted in Fig, 6.

    Under compressive  1oads, fibres cause

crack £ losing forces imbced by tiansverse tension
foTces resulting  in an  increase in stiength,  bowever
existence  of  perosity due to inclusion of  steel fibres in
concrete  mix have the tendency to caircel the forrner [8].

3.3 lbnsion strength and  deformation

    The  rnairt  pararncters that chaiacterizect  the

strength  arxi dcrformation behavior of  the S.F.R.C were

the tensile strength and dtictility. Fig,4 sbows  the
tensile suength  results as  obtained  by Moctronic
speckle pattern interferometry (ESPD, while  results

based on  the corTventional  metlK)ds  are as shown  in Fig
5. Generally, the temsile strength  and  ductility increases
in tandem  with  the increase in steel fibre content

present in the concrete.  Hewever; clarity in the
influence of  tlre steel fibrcs is more  predominant
thiougtK)llt the iesults in the case  ofconcrete  with 1.5%
fibre corrterTt Art average  increase of  approxirnately

32%  in ultimate tensile strerLgth is realized  in the latter
case  ('lable 3). There is gencrally improvement in both
tensile strength  and  ductility in the case  of  specirrrens
with  O.5%  and  1%  fibre content.  This superiority  is
important in ftacture corTtrvl in corrcrete as fibres tend
to rectuce cracks  and  soften  the defonnation behavior
by reclistnbuting  the tension stress.

    Detailed deformation patterns conid  alse  be
dbtained in tbe case  of  ESPI measurements  as sbown  in
Fig.4 (a) and  (c>. FigA  (a) 1 arKl 2 sbovvs  ESPI
deforrnation strain pattem images at the ultimate load in
SPI.S% and  SPO%  specirnens, while  Fig. 4 (c) shows
de ultimatc strain beimor acioss  the ceMer  faoe oftbe
split specirrEn.  lt is observed  in these figtues that it is
within  the mid  fbce of  the specirnens  where  cracks

occunecl  and  that ttrere exists  ari irMTease in
deformation as  in corrtparison  to other  regions.
Lecalized strain behayior as sbown  in Fig.4 (c) can
give an  irxlication of the fibre influerK e ancl distribution
in the concrete.  The stTains in SPO.S% afe higher in
comparison  to tbose of  SP 1.5%  artS SPI%. This could

be as a  result of  an  optimum  distribution of  stee1 fibres
in the concrete  espocially  within  the cracked  region

Gencially, it is observed  that al1 the fibre reinfbrcod
specimens  (SM.5, SPI and  SPI.5%) had an  increased
strain capacity  at mid  face where  cracks  were  observed

as  compared  with  specimns witbout  fibres (SPO%).
HigheT fiber content 1eads to iircieased stiess

reclistribution and  thus a  reducing  stTain 1ovel oocurs  as

observed  in SP 1%  and  SPI.5%. Concrete is a briule
material,  and  thus as expected,  minimal stiain is
observed  in SPO%.
    Infiuerboe of  strain gaiige stability after failure
can  be observed  in the convendonal  measurements

results as  seen  in Fig 5. Besrde thc specirnens  with

1.S%  fil)re content,  other  !esults sbowed  instal}ility
after failure. This is a common  pheoorncnon observed
when  delaminating or  breakage of  the strain gauge
occurs  during measurement
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In mateiials such  as steel fibre reinfbrced  conerete

where  post tensile strerigth and  ductility is required  to

be evaluated,  reliable measuiement  technolegies such

as optical methods  is theiefbre of  actvantaguous

method.

54.54

AligE!.'ge

 545

 43,5

 32.S

 21,S

 lO.5

 o

;:::::::;

i1/

t-N""Ii

 3.sg3

S 2.5

!. 2

S i.5

    1O.5o

:s:',

'
 
'
 
'
 SP.O%-Strain  Gauge

 
'
 SP-O.5%-StrainGauge

-
 SP.1%"Stuin  Gauge

-
 SP-1.5%-Starin Gauge

     O O.oo4 O,O08 O.O12
                Strain

Fig. 5 Conventional Sress-strain measurements
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Fig.4 ESPI  deformation Measurernents

3.4 Shear deformation and  strength

    It is iK)rTnally in rcinforced  concrete  beains and

slabs that shear  pherK)rnerton is cornmonly  obseived

and  more  so considered  in design. In this research  pure
shear  test was  mot  used  but rather  an  indirect method  of

four point testing was  adopted  based on  a  parallel on

going research  on  sbear  Shear strains and  displacement
rneasumments  were  obtainod based on  ESPI method,

however additional  disp1acement measuiements  were

taken using  tbe corrventional  LVDT  probe. Tlre results
on  shear  phenomenon wbere  steel fibres were  used  are

thi)s reported  here in brief, Shear failure in concrete  is
known  to be briule and  catastrophic.  This problem in
part can  be reduced  with  the use  of  dllcule material

such  as  steel fibre reinfbrced  concrete  (S,F.R,C). Fig.7
aizl 8 indicates that steel fibre concrete  has a higber
shear  capacity  compared  with  plain concrete.  All the
fibre reinfbrcecl  specirnens  showed  improved  post-yield
shear  strength  as compared  with  tlK}se withoirt fibres,
An  approximately 59%  increase in ultimate strength  is
achievod  in bearn specimens  reinfbrced  with  1.5% steel
fibres (FBI,5% in Fjg.7 and  8). Similarly ductile
beimior is observed  in al1 the specirnens  reinfbTced

with  stee1 fibres, SignifTicarrt ductility is realized  in
shear  when  higt)er fibre centent  is used,  as

demonstrated by specimens having a fibre contcat  of

1.5%, Furthermore, crack  development and  propqgation
was  monitored  and  reoorded  with  the use  of  ESPI as

seen  in the captured images at ultimate stagu  of  shear

failure (Fig.7), similar  to those captuied  for tbe split
test (Fig, 4 (a) land 2).
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ESPI defbrmation measurement  iesults

similar  stress-disp1acement  development

pattern before yielding. Howeveg  on  yielding only

specimens with  higher fibre content  (FBIandFBI.5%)
maintaine[l  the trend with  divergence just befbre
ultimate failure (Fig.8a). Pre yiclding behevior in the
corrventional  LVDT  rneasurement  results slx)wed  slight

vaiiability in FBO%,  FBO,5  and FBI.5%  (Fig.8b).
Howeveg  significant diSference is i)otioed throughout
in FBI%  results. in both ESPI and  LVDT  results a

slight stress rclaxation  is observed  to oocur

immediately after yielding in me  fibre spec imens. Ms
is the consequence  of  shear  softcning  on  occunence  of

miml  crack.  Ms  imul  failure is imrncdiately resisted

by tbe steel fibres through crack  bridging and  stress

transfer As a result a recovery in the strength is
achieved  thereafter,

   ESPI ultirnate  displaoernent in all the fibre
spocimens  is at)oat l.2mm  On  the otber hancl LVDT
results sbowed  variable  ultirnate displacement values  of

2.3, 3.1 and  1.8rnm for FBO.5  FBIarKl  FBI.5%

respectively.  in FBI.5%  specirrrens, the maximum

displacemetu vaiue  achieved  is 3.8 arKt S.9mm  in ESPI
and  LVDT  respectively.  Generally, the corrverrtional

displacement results are higher than those ffom  ESPI.

Ful1 field eSPI) displacement irreasurement  were

based on  the actual specirnen point deformatio4 while
LVDT  measured  data were  obtained  at an  eocentric

point ffom the bearn (use ef  an  angle  brackeO as

necessitmed  by technical logistios noTmally

encountered in takirtg such  measurernems.  Ms
exp1ains  the differences observed  between the ESPI and

LVDT  measurements  results,

4. CONCLUSIONS

(1) Rednced ultimate compressive  strength  is cibserved
  in steel fibre reinfbrced  concrete,

(2) Steel fibers inrprove post yielding deformabon

  properdes in concwte.  Mctility, tensile arKl shear

  strengths  are signifTicaruly eriharK)ed.

(3) Deformation  and  associative  perarneters can  be

  measured  arxi rrK}nhorecl accurately  with ESPI
  rnetbod

(4) Steel fibre concTete was  successfu1ly  produced
  usirrg norrnal  standarti  materials,  with  fine

  aggregate  corTtent  kept at apprvxirnately  43%  of

  tbe total aggregate  content.

(S) Gencrally steel fibres were  fourKt to ieduce  the

  workal)ility  of  ftesh corK  rete aiKl thas a  suittible

  admixture  must  be used  to corrtrvl water  content
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