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SHEARCRACKING  BEHAVIOR
         REINFORCEDOF

 HIGH-STRENGTH
CONCRETE  BEAMSPRESTRESSED

Sudhira DE  SILVA'i, HiroshiMUTSUYOSHI'2, Shingo ASAMOTO'3,  and  Mayuko T:AKAGI"

                           ABSTRACT
An  experimental  program was  conducted  to investigate the shear  cracking  behavior ofboth
normal  strength  cencrete  and  high strength  concrete  I-shaped beams. All beams were  tested

by focusing on  the influence of  compressive  stress  in concrete  due to prestress and

compressiye  strength  of  the concrete  on  the shear  crack  width,  It was  found that there is a
1inear relationship  between shear  crack  width  and  stimp  strain in the both normal  strength

and  high strength  concrcte  beams. Shear crack  widths are  smaller  in PRC  beams.
Keywords: high-strength concrete,  prestressing, shear  crack  width, stirrup strain

1. INTRODUCTION

    Cracking in concrete  structures  has received
enormous  research  attention,  as durability and

serviceability of concrete structures are often
dependent on  crack  forlliation, Excessive erack

widths  ean  impair corrosion  resistance  of

structures exposed  to the severe  environment.

Therefore, control  of  crac)king  is more  important
for serviceability,  Recently, the use  of  small  and

economic  reinfbreed  concrete  sections  has
increasecl bec)ause of  their simplicity  [1], The high
strength  conerete  (HSC) has been widely  used  in
the construction  field because the increased
strangth  associated  with  HSC  provides a better
solution  to reduce  size  and  weight  of  concrete

structural  elernents.  Increased mochanical  strength

and  improved various  characteristics  such  as

improved durability, low permeability, low creep
and  better workability  encourage  design engineers
to use  HSC  [1, 2]. in addition, the HSC  permits a
fhcMty to aocelerate  construction.

    Prestressed concrete  beams incorporating
with  nen-prestresse(1  stoel reinforoernents aie built
today with  an allowanee of  tension in concrete,
which  are well  known as partially prestressed
conme  (PPC) or  piestressed reinforcod  concrete

(PRC) in Japan. Crecking behavior of  reinforued

concrete  (RC) beams and  PRC  beams have been
investigated over  the 1ast fiye decades by

conducting  comprehensiye  experiments  [3-6]. A

previous experimental  study conducted  by the
authors  [4] has investigated effects  of  prestressing
foree, stirTup  ratio, and  side  concrete  cover  on

shear crack width  of  RC  and  PRC  beams. More
studies  related  to HSC  are  concerned  on  cenerete

strength  range  ffom 60 MPa  to 80 MPg  but very
few studies  have been done with concrete  strength

of  over  1oo MPa.  It has been reportod  that the
crack  plane in HSC  is relatively  smcoth  compared

to that in normal  strength  concrete  (NSC) as crack

passes thrvugh  aggregate  in HSC  whereas  crack

goes around  the aggregate  in NSC  [7]. Such
phenomenon  results  to reduoe  coninbution  ffom
shear  force due te aggregate  inter1ocking action

(la) in a  diagonally eracked  HSC  beam. Therefore
to compensate  the reduction  in la, ahigher  shear

due to stimp  stresses  (Pl") may  be needed.

Moreover, due to the higher tensile strength  of

high strength  conerete,  a  higher eracking  shear  is
expectod.  SignifTicant effects  of  conciete  strength

on  shear capacity and  properties of  structural
elements  found in previous studies [4, 5] imply
that conerete  strength  can  have infiuence on  shear
crack  width, but there is no  known study  of  the

eifect of  concrete  strertgth on  shear crack  width.
The objective  of  this study  was  to investigate the
eifect of  concrete  strength  en  shear cracking

behavior of  RC  and  PRC  beams experirnentally.
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 Fig. 2 Cross sectional  details

'lable
 t ExperimentaI variables

Beam#
Non-prestressed
reinforcement

Prestressing
force{kN)Cencrete

To Bottom
IRC-1 NSC

HIRC-1
4D2S(ds=450mm) .

HSC

IPRC-44D22(ds'-40mm) NSC

HIPRC-4

2M9and2D38(ctf'450mm)375.0kN(3.0MPa)HSC

'fable
 2 Mechanical  properties of

       reinforcements
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2. EXPERIMENTAL  PROGFVtM

    In order  to investigate the influence of

compressive  strength  of  concrcte  including

prcstressing forve on  shear  crack  width  in PRC
beams, the following experimental  program  was

canied  out,  The compressive  strength of  concrete

was  40 MPa  for normal  strangth  concrete  (NSC)
specimens  and  that was  1OO MPa  for high strength
concrete  (HSC) specimens  at the age of  28 days
under  moist  curing  condition.  [[lest specimens

consisted  of  two RC  and  two PRC  beams having
I-shaped cross  section.  A  total length of  beam is
3600 mm,  The  typical layout and  eress  sectional

details of  the specimens  are  shown in Figs. 1 and
2, respectively.  The  experimental  variables  are

summarized  in 
'lable

 1. The mechanical

properties of  reinforcements  used  in the
experiment  are  listed in 

'lable
 2. 

'lable
 3 shows

concrete  properties used.  in al1 test specimens,

stirTups  werc  provided with two  dillTererit sizes  of

stirrup bars; D6  bars were  in the left span  of  the
beams and  DIO bars were  in the right span of  the
beams, This arrangement  ef  different sizes  of  bars
was  necessary  so  as to ensure  that the main  shear
crack  would  occur  in the left span  of  the beam.
The four point symmetrical  loading with  a

distance of  300 mm  between the loading points
(a/d of  3,O) was  statistically qpplied to al1
specimens.  Contact chips  were  pasted on  the
concrete  surface  at 500 mm  from the left-loading
point of  the beam in the shear  span  region  so as to
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measure  the principal strains  and  their diroctions.
A  digital microscope.  which  has a  precision of
O.OO1 mm,  was  used  to captue  digital photographs
of the ¢ rack  occurred  in the left span  ef  the beam
(Fig. 3). The  digital image capnmd  at the crack
location was  used  to measure  the erack  width.  At
three arbitrary  extracted  points, pcrpendicular to
the crack  surfaoe  at close  to the location of

necessity  was  measured,  The ayerqge  of  measured

three crack  widths was  used  as the erack  width  at

that 1ocation (Fig. 3b).

      
'labla

 3 Conctete propedies

fable 4 Failure load

Beam#Failureloadxu
fFC(MPa)

Failuremode

IRC-1S59.740.3
HIRC-1749.51oo.4

IPRC-474s.e432Shearfailurewithout
yieldingtension

reinfercernents.All

slrTupsyield.HIPRCul1032,3roo.4

NSCHSC
Averagecompressivestrength

ofconcrcteMPa
41.71oo.4

SlumIfiowabili'mm 174.0S60.0.

ll.3.
/tt -t
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Fig. 4 Faiture crack  pattems and  crack  angles

3. TEST  RESUUS  AND  DISCUSSION

3.1 Failure Mode  and  Crack Pattem

    Crack patterns at fai1ure for al1 specimens
are  shown  in Fig. 4. All specimens  fhiled in shear
failure mode  ('lable 4) with wide  shear cracks  in
the shear  span  region.  The inclinadon of  shear

cracks  was  determined by averaging  crack  angle

measured  in the shear span  region.  It can  be seen

that in PRC  beams the inclination of  shear cracks
slightly  decrease due to prestress. The effect  of

stmgth  of concrete  on  shear crack  angle  was

insignificant. Howeveq the number  of  shear  cracks

appearQd  in HSC  specimert  was  greater than that
in NSC  specimen.  The spacing in between shear
cracks  wfls  smaller in HSC  specimens.  SpecMc
discussion alrout shear crack spacing is given in
section  3.4.

3.2 Effect of Compressive Srength of

Concrete

    In the case  of  HSC  it has been reportecS  [7,
8] that large antogenous  shrinkage  can  occur  and

shrinkage  crackng  can  be appeaied due to

insuMcient curing.  This study was  canied  out synh

proper moist  curing,  As a result, there were  no

shrinkage  cracks  appearillg  in HSC  specimens.

    Fig. 5 shows  the relationship  between shear
force and  maximum  stirrup  strain. It can  be seen

that a similar  rate  of  increment in stirrup strain

with increasing shear force in both NSC  and  HSC
specimens.  Relation between shear  force and

maximum  shear crack width is presented in Fig. 6.
At a partieular shear  forve, maximum  shear  crack

width  is almost similar  in RC  beams (Fig. 6a)
while  it is greater in PRC  beams (Fig. 6b)
compared  with comesponded  HSC  beams This is
attTibuted to higher improvement in bond between
steel and  conciete in HIPRC4  beam which  was

cast  with  larger diameter bars. The  higher shear
cracking  load was  observed  due to higher tensilc
strength  of  HSC  specimens.  After shear  cracks

appeared, the inerement rate  in shear crack  width
with  increasing shear  force is similar  in both
narmal  strength  specimens  and  high sttength

concrete  speclmens.
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Fig. 5 Load  vs.  Maximum  stirrup  strain

  300

      (a) RC
2  

2oos

 ,.4g

 
,,,i

to 
ico

£ oo

   o-O
 02  O.4 O.6 O.B 1

  ktbximumsheercrackwwth(rrin)

increment of  stirrup  strain is almost  same  in the
both NSC  and  HSC  of  RC  and  PRC  specimens.

This is due to small  variation  of  tensile strength  of

concrete  in NSC  and  HSC  specimens.  For RC
beams, the shear  crack  width  data obtained  for
NSC  specimen  are more  scattered  comparing  with

the data obtained for HSC  specimen,  For HSC
specimens,  sorne  of  eracks  may  penetrate through

aggregates due to strong  bond between aggregate
and  hardened paste, while  that of  NSC  specimen,

the cracks  always occur  in the interface between

aggregates and  hardened paste. Therefore
observed  crack  plane in NSC  specimens  was  not

smooth,  The axial compressive  force from

prestressing (375 kN) in PRC  specimens

compa!ed  to RC  specimens  caused  fmher
reduction  in scattering  of  shear  crack  width  values,
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  Fig. 6 Load  vs. Maximum  shear  crack  widih

3.3 Shear Crack Width and  suirrup Strain
Relationship

    Fig. 7 shows  the relationship  between shear
crack  width  and  stirrup  strain. Fitting curves

obtained  ffom a linear regression  analysis

represent the relationship betvvoen the average

values  of  shear  crack  width and  stirrup strain. For
both HSC  and  NSC  beams, the 1inear variation

between the shear  erack  width  and  the stirrup

strain determined from the regression  analysis

skows a reasonable  rqpresentation of  measured

data. The  averqge  shear  crack  width variation  with

O.5

   
O.4
   

O.3O,2o.t

 o

   O 10co 20co 30CO 4000 5000

          Strrup strain  (v)
Fig. 7 Shear  crack  wichh  and  stirrup

       strain  relationship

fable 5 Average shear  crack  spacing

Beam#Horizonta}crackspacing,Smxmm

Venicalcreck
spacing,Smvmm

IRC-1 167.oo 108.29

HIRC-! 187.00 79.oo
IPRC-4 287.15 IS7.30

HIPRC-4 ll9.12 68.37

Shear crack

Fig. 8 tnterpretatien of shear  crack  spacing
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3.4 Shear  Crack  Spacing

    
'lable

 5 shows the average  shear  crack

spacing  Smx and  Sh,v (as shown in Fig. 8) for
NSC  and  HSC  specimens.  The HIPRC-4  specimen,

which  has a  1arge amount  of  reinfbrcernent  steel

shows  comparatively  smaller  skear erack  spaeing
than the others.  This dilllerence is attributod  to

improyement of  bond effect  due to large amount

of  reinfbrcing  steel in HSC  specimen,  Howeveg
such signMcant  dilrbrence could  not  be seen  in
other specimen.  The smaller  shear  crtck  spacing  is
influenced to smal1er  crack  width in HIPRC-4
specimen  compared  to IPRC-4 specimert  at same

shear force level (Fig. 6b).

4. NUMERICAL  SIMULATION

4.t Numerical Method
    The numerical  simulation  was  carried  out

using  Response-2000 numerical  model.  which  was

developed based on  the Modified Compressien
Field Theory (MCFT). Experimental variables  and

actual compressive  strength  of  concret ¢  of  the test
specimens  were  used  in the numerical  model.  The
numerical  simulation･  in the model  combines  a

plane sectien  analysis  for flexure with  the
modifTied  compression  field thcory for shear  that
accoants fbr strain compatibility and  uses the
tensile and  compressive  stress-strain  relationships

for diagonally crecked  conerete  [9]. In this methed,
the spacing  ef  skear crack  was  accounted  so  as  to
determine shear  cracking  lead and  ulimate load.
The MCFT  that reduces  the shear stress was

canied  for the conerete  when  large number  of

shear  cracks  appeared in the section. The crack

spacing  is a  fUrsction of  the craek  contrel

characteristics  of  the longitudinal and  transverse
reinforcement  described in the crack  spacing

model  of  the numerical  program. [[he seetional

analysis  was  perfbrmed at a  section  located at a

distance of  500 mm  (appreximately at a  distance
"d'

 and  at the section  along stinup  location) ffom
the faoe ofthe  loading point in the shear  span. The
moment-to-shear  force ratio  is O.9 at the selected
section.  Although the ACI  318-02 code  limits the

yield stress  of  skear reinfemoent  to 400 MPa, the
experimentally  measured  value  ofyield  stress 438
MPa  was  used  in simulaion  of  the model

presented here. ln additien,  constitutional  models

for concrete  and  other  material  were  used  as

described in the numerical  pregram. The material

propenies of  concrete and  steel used  in the
numerical  model  were  based on  the
experimentally measured  values  and  details
provided by manufactures  (see 

'lables
 2 and  3).

4,2 Comparison  of  Load  -  Mid  Span
Deflection Relationship

    Fig, 9 shows the load mid  span  deflection
relationship  for HIRC-1  and  HIPRC-4  specimens.

The  prediction of  the relationship  using  numerical

program genera11y showed  good agreement  with
experimental  results  except  at the ultimate  fhilure
load. One  of  the connibuting  factors for the lower
value  predicted by the model  at the ultirnate  load
can  be the size  effbct  as explained  in preceding
section,  The fai1ure of  concrete section occurred

due to large local stresses  induced at the eraek.

The prediction of  flexural cracking  Ioad, shear

cracking  load and  load at stirrup  yielding agreed
well  with experimental  results. In additien,
moment-shear  interaction diagram was  used  to

predict the fai1ure mode  as explained  in the
numerical  pTogram [9].
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Fig. 9 Load-mid span  deflection relationship

4.3 Crack Spacing Model
    The  shear erack  width predictecl ffom this
numerical  program eq"als  to the product of  the

average  shear crack  spaciirg aitd principal tensile
strain. The  crack  spacing  model  based on  the
CEB-FIPModel oode  1978 [8] is:

shte=2c+o.i!{L  (i)
             p
where;  

"c"

 is the diagonal distanee to the nearest
reinforoement  in the section  considered  and  

"dB"
 is

the diameter of  the nearest  bar and  
`)"

 is the
peroantage of  steel. The spacing  of  the shear

eracks  depend on  the crack  contrel  characteristics

ef  both the longitudinal reinforcement  and  the
transverse rcinforcement.

4.4 Comparisen of  ShearCrack VVidth Vlalues

    Fig. tO compaies  the relationship  between
shear force and  shear crack  width  obtainod  from
experimental  data and  model  response  predicted
ftom the numerieal  program Response-2000. The
shear  crack  width  yalues  predictecl ffom the
numerical  program show  good corTelation  with
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experimental  resuits. In addition numerical

program estimated  the flexural cracking  load, and
the shear cracking  load very  accurately.

zA5o9ste2co

2tmeetaodi

Fig.

3como2cod501cosu

 o

3002502ao1501coso

 o

o a2  o.4 o,6 o.e t
  MaximmShearorackwwh(rrvTD

  O  O.2 O.4 O,6 O.8 1

    Whx hrum suiear aack  wnh  (rrrn)
10 Comparison of numerical  results  for
  maximum  shear  crack  wicth

4. CONCLUSIONS

    The study  illustrated ari experimental

investigation of  effect of  concrete strength  and

prestressing force on  the shear  crack  width of

I-shaped RC  and  PRC  beams urtder  static loading.
ln addition, numeri ¢ al simulation  was  carTied  out

based on  Modif7ied Compression Filed ThcoTy

(MCFI]). The fo11ewing conclusions  are  derived
from this study:

(1) The  high strength  concrete  specimens  show

    larger shear  cracking  load in RC  and  PRC

    specimens compared  to normal  strength

    conerete  speclmens.

(2) After shear  cracks  appeared,  the increment
    rate  in stirrup strairi and  maximum  shear

    crack  width with shear  force is similar in

    both NSC  and  HSC  specimens.  At a

    particular shear  foree, maximum  shear  crack

    width  is almost  similar  in RC  beams while  it
    is greater in PRC  beams compared  wkh

    eorresponding  HSC  beams. That is,
    prestressed reinforced  concrete beams made
    with  HSC  show  smal1er  shear  crack  width

    eompared  to corTesponding  NSC  bearns.

(3) It was  fbund that the shear  crack  width

    variation  with  stirmp  strain  in a 1inear

    manner  in both NSC  and  HSC  speeimens.

(4) The Modified Compression Field Tlicory
    based numerical  simulation  was  showed

    good corTeiation  with  experimental  results.
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