
Japan Concrete Institute 

NII-Electronic Library Service 

JapanConcreteInstitute

p  y  e u 
-

 mtlElptzxrtNsn, vol. 2o, No, 3,1998

ft szConcrete Cover Effect on  Tension Stiffness of Cracked
Reinforced Concrete

Hamed  M.  SALEM  
',
 Bernhard  HAUKE2,  and  Koichi MAEKAWA  

3

ABSTRAcr:  The  aim of  the present study  is to check  the effect  of  non-sufficient  concrete  cover

on  the tension stiffhess of  reinforced  concrete.  Splitting cracks  are predicted by solving

equilibrium among  radial  bond stresses,  softening  tensile stresses  of  splitting concrete  planes and

transverse stress  on  reinforcement.  The bond behavior after  spliuing  cTacks  is the point of  study

The  analytical  model  is derived ffom  the micTo-bond characteristics.  An  experimental  program
was  carried  out to verify  the analysis. [he analysis fairly agrees  with  the reality.
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1.INTRODUCTION

  wnen  the concrete  cover  is not  suthcient,  longitudinal cracks,  named  as  splitting  craekg, are

formed parallel to reinforcing  bars. The occurrence  of  these cracks  is a result of  the three

dimensional bond transfer mechanisms.  The  deformed bars' lugs induce bearing stresses  in the

concrete,  resulting in conical  corrrpressive  struts. The conical  bond forees between bar and

concrete  can  be resolved  into Tadial  and  tangential components.  Usually, the tangontial one  is

cal1ed  bond stress, whereas  the radial  one  is called  confining  stress. The  radial  stresses  can  be

analogues  to hydraulic pressure acting on  a thick-walled concrete  ring. When  the tangential ring

stresses  exceed  the cracking  strength,  the splitting  crack  is formed. The bond  behavior for concrete

having such  cracks  was  studied  by Gambarova et al.[5]. He tested many  specimens  with artificial

splitting  crack.  Changing the splitting  erack  width  and  the confining  pressure on  the bars, an

empirical forrmila was  proposed for bond stresses after  cover  splitting. Abrishami and  Mitchell [9]
studied  the spliuing  cracks'  effect  on  tension stiffening. Specimens with  shalIow  depth were

targeted. Here, the concrete  cover  was  insucacient ffom both sides.  The common  members  of  civil

structures are  deep and  the cover  problem is that of  one  side  cover.  Tlierefore, a  less effect  of

splitting  crack  would  exist. Salem and  Maekawa [10] derived tension stiffening  from Iocal bond

stress deyelopment by assuming  thick covers. The aim  of  this study  is to derive sTneared  model  for

reinforced  concrete  in tension from microscopic behavior, talcing into account  the possible
reduction  in bond  stresses due to non-sufficient  cover  accompanying  longitudinal splitting  cracks.

Z  SPLITTING  BOND  SI RESS

2.1 MEMBERS  wnHOUT  TRANSVERSE  REINFORCEMENT

'Ihe

 principal direction of  bond forces between deformed reinforcing  bar and  surrounding
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concrete  makes  an  angle with  the bar axis.  Ihe  bond forces can  be resolyed  into radial  and

tangential components.  Usually, the tangential one  is called  bond stress, whereas  the radial  one  is
called confining  stress or pressure. The  angle  of  inclination denoted by ct ranges  from 45 to 80
degrees as reported  by Goto [21. The  radial stresses  due to bond  action  act like hydratilic pressure
acting  on  a thick-walled  concrete  ring. An  elastic $olution  for the stresses  in a  thick-walled
cylinder  subjected  to internal pressure is given by Tirnoshenko[1], and  Avalle et al.[8] as,

6r=p  R2c[1-R2maxr2 , Oi=P  R2cr

   R2mar
1+
    r2

R2ma: -R2c[ R2max -R2ct
(1)

where,  o.  q: radial  and  tangential stresses  at radial  distance r frt)m the centre  of  the bar, p: radial
pressure, R.: radius  of  cracked  concTete zone,  Rma: cover  of  concrete  +  ¢ t2 and  tp: bar diarnetet
  These equations  are  valid  for the non £ racked  concrete.  However, in crackod  concrete, the
tension fracturing develops as illustrated in Fig 1

(1lens
)

             Eg. 1 Tangential Stress in Cracked and  Non-Cracked Concrete

  According to Avalle et al.[8], the bond pressure which  causes  a splitting  cTack  of  radius  R.  can

be computed  by equilibrating  the bond pressure p with  the tangential stresses  in both the cTacked
and  non £ racked  concrete  as,

               p- 
2it

 (R,,(ll:::,2 iii ::il )+ ,i)iL(O"(7,  
(r))
 ))dr) (2)

where,  w(O,  is the splitting  crack  width  at Tadius  r and,  q(w(r)), is the residual  tensile stresses
corresponding  to crack  width  equal  to w(r).  The  tension softening model  adopted  here is given by
Uc  hida et al.[7] as.

                     o,(w(rD=f,(i+os(igt,  )we)
-3

 (3)

where  Gf is the fracture energy  ranging  from O.1 to O.15 kgficm for plain concrete.

  ln Equation (2), Avalle assumed  two  propagating splitting cracks.  This assumption  agrees  with

the experimenta1  observation  of  Morita and  Kaku [3] who  reported  that two or  three splitting
crncks  propagate to surfaoe of  a  concrete  cylinders  in pull-out tests. Moreover, in structural
members,  this is usually  the case  where  splitting  cracks  propagate towards the side  of  less cover.
Avalle also assurned  tangential strain compatibility by equating  the circumferential  elongation  at r

equal  to ¢ n  and  r equal  to R., with  the concrete  elasticity  denoted by E, as,

                 2xR ,, lli''=2w ..  +(2rc:-2w  .,  )6c 
(EW,ma:)

 (4)
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Using Equation (3), the sp]itting  crack  width  at the reinforeing bars face wma  is computed.

  However, the crack  width  distribution has to be assumed  in order  to integrate the socond  part in
the right hand side of  Equation (2). The  autbors  assumes  the splitting  crack  width  distribution to be
linear, ranging  from w..  at r equal to ¢ rz to eero  at r equal to R., as fo11ows,

w(r)  =  W  me.1-

  or

   2

  The previous equations  assume

that concrete  is an  elastic-

darnaging material in tension. But
in reality, the rapid relaxation of

tensile stress at the higher level is
observed  in concrete  as  a  time

dependency. Therefore, concrete

plasticity is simply  introduced as a

yielding plateau eqpal to twice of
cracking  strain, as  proposed by
Okamura and  Maekawa [6]. Fig. 2
illustrates the idealized concrete

plasticity in computing  confining

pressure.

Rma-8
(5)

fig･

ax

sgua

e 2e
   Strain

2 Elasto-Plastic and  Fracturing Concrete Model in
 Tension

  The  solution  is derived by considering an exaet elastic solution and  determining the position of

the point with  a  tangential stress equal to q relative to the position of  a point with  tangential stress

equal  to 2 fi. At the 1ocation r =  R., tangontial stress equals to 2fl and,  for r =  Rp, tangential stress
equals  to a, then  substituting  in Equation (1), we  have,

                       Rp =Rcr  Rmat R.,,2 
2-
 R.1 

(6)

Thus, the radial  pressnre p is corrrputed  as,

            p=  
2it
 (R,(::::,2 iII:

2,

 )+ ,:)jr,( Uc(7,

 
('))
 )dr+ (R,-R,,)) e)

  The ultimate splitting  pressure, which  is the one  when  the splitting  crack  reaches  the concrete

surfhce,  is the same  in both cases as shown  in Fig. 3.

thabningpramptkgffctn2) thnfiningprussurep(kgfftu2)
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Fig. 3 Effoct of  Concrete Plasticity Prier to

     Craeking on  Splitting Crack Radius
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fig. 4 Effect of Stirrups Confi
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 on
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2.2 MEMBERS  WITH  TRANSVERSE  REINFORCEMENT

  If transverse reinforcement  is used,  the resistance  to splitting  cracks  increases and  the confining

pressure on  bars is increased. To  consider  the effect  of  stirrups, the same  analysis,  adopted in

previous section,  is used,  and  the confining  stress  produced by stirmps  is added.  The splitting

craek  width  at the 1ocation of  stirrup  is computed.  This width  is equal  to the s]ip  of  stirrups.

Knowing  the slip  of  stirrups,  the stress  in the stirrup  can  be computed  as showed  by Okamura and

Maekawa  [6]. Hence, the stirrups' confining  can  be estimated as shown  in Fig. 4.

3. SIZE  EFFECT  SIMULATION

  The present model  can successfu11y simulate

the size effect of  splitting pressure. Since the
splitting  crack  width  is proportional to the size
of' specimen,  tension softening  and  hence
splitting  pressure of  large-scale specimens  is
reduced.  Fig.5 shows  the cornputed  size effect

on  splitting  for geometrically similar specimens.

E2.
g,.gEi.

g so:za

 
oee
O12345e

         BarD}"ttwter(em.)

Eig. 5 Size Effect on  Splitting Pressure

4. BOND  BEHAVIOR  AIiTER  SPLITTING  CRACKS  OCCURENCE

  After Splitting cracks  occur,  the

bond stress becomes sensitive to
confinernent  of  reinforcing  bar. This
confining  action  could  be provided
by the residual stresses transmitted
between the faces of the splitted

concrete  and  by transverse

reinforeement  disuibuted along the
rnain  bar as  illustrated in Fig. 6.

                                            uncracked  SteSSOf  efcracked

                                             conerete  Ttaasverse  concrete
                                                 Relntbrcement

                             fig. 6 Confining Pressure Acting on  Reinforcement

  Garnbarova [5] developed an  empirical  model  for bond stress after  formation of  splitting  cracks.

The  model  represents  the bond stress as a function of  splitting  crack  width  and  bar confining  as,

       T=  fc' jo'042 
-'0288(w

 ms:  t¢ ))'(k. 
.,,Oi:j5)8.o

 ")-1'O18)p (8)

  However,  the bond-slip-strain rnodel  of  Shima et al. [4], which  is used  in the analysis,  does not
take into account  the effect  of  splitting  cracks.  Therefore, the model  of  Shima is modified  by
changing  the slip function as foltowing,

   
T(e,

 
s)=T,

 (s)/(1+10S 
e)
 (9) 

TO(S)

 

        To(s)=rJ (10) T, 
                                           

where,si:Slip  at splitting  and  T,:zD(s)  at 

splitting  =  To(sl)･

  However,  when  the bond stress computed

from Gambarova's model  exceeds  the original  s, slip(s)
shima's model,  in case  of  very  small  erack  Fig,7Exten$ionofShimaModel
width,  the orfginal model  of Shima is used.
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5. ANALYSIS

  Based on  microscopic  bond behavior, Salem and  Maekawa [10] computed  the macroscopic
behavior of  reinforced  concrete  in tension as illustrated in Fig. 8. In the analysis,  1ocal stresses  of

both concrete  and  reinforcement  are  evaluated.  Hence, the average  strains  and  stresses  are

cornputed.

  Howeyer, when  the

cQncrete  cover' ls not

suencient,  splitting  of

concrete  cover  may

occur  and  the possible
reduction of  bond
stresses  has to be
checked,  Here, both
Gambarova's model  and

Shima's modified  model

are  used  with  coupling.

-Constitutive Equation @
'E`lllilibrium tSe,As=t.nd.Ax

-Bond-Slip-Strain  Mode] trto(S).sle)

 -Slip CompatabMty s=qE.Ax>

i-B(md Stress- .- 
.

I splittingcrackwidth- (.rxx'&9} i
i Confining Pressure Model  iaajlgegeasgguets:]:tlkhFgorcmati.:.n

ptg.8 Scheme  of  Solving Bond Governing Equations with  Finite
     Discretization

6. EXPERIMA,NTAL  VERIFICATION

  As  a  verification  of  analysis,  two  specimens  of  two meters  length were  tested. The specirnens'

details aie  shown  in Fig, 9. The specirnens' cross  sections,  reinforcement  and  concrete  cover  are

identical. But, one  of them  has no  stirrups,  while  the other  is transversely 
'reinforced

 with  6 mm

stirrups. The  ratio of  cover  to bar diameter in both specimens  is 1.0, which  would  give no  tension

stiffbning  and  no  transverse cracks according  to Abrishami and  Mitchell [9]. The  authors  deemed

that Abrishami's model  might be valid  primarily for his experiments  where  the tested specimens

are  of  shallow  depth and  the cover  is insufficient fforn both sides.  The tested specimens  in this

study  represent  the more  comrnon  case  in civil structures.  The behavior is expected  to be deviant

from Abrishami's model  since different confining  and  different bond properties are  expected.

  Fig. 11 and  12 show  the analytical and  experimental  results. The  analysis  predicted splitting

load of  4.9 ton in specimen  (1) and  no  splitting  in specirnen  (2). The  observed  splitting  load of

specimen  (1) was  4.5 ton with  a  deviation of  8%,  while  no  splitting  cracks  were  observed  in

specimen  (2) reinforced  with transverse reinforcement  as  shown  in Fig. 10. Also, the predicted
crack  spacing  was  close  to the experiment  with  deviation of 12%  and  19%, respectively. In

analysis of  the two  specimens,  the bond stresses were  not  affected  by splitting  cracks.  This is due

to the large confining  of  bars even  after splitting cracks'  occurrence.  Fig.13 illustrates the

confining  pressure on  bars of  specimen  (1). It can  be seen  that, the confinement  of  the inner side  of

concrete  is the predominant one,  in Abrishami's experiment,  this confining  action  does not exist,

leading to the great reduction  of  bond stresses.

10 cmme e

1.0n

d20cm

Specimen(1)

10 cmm Specimen(2)

Fig. 9 Test Specimens F-g. 10 Observed Crack Pattern
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7. CONCLUSIONS

1. Based upon  the tension softening  of  plain
   concrete,  the radial  bond stresses,  and  hence

   the splitting  load of  tension members  with

   non-surncient  cover  can  be predicted.
2. The  effect of  splitting cracks  on  the bond

   propenies, and  tension stiffening  is huge for
   structural rnembers  with  shallow  thickness,

   like thin shells, wherc  the concrete  coycr  is not
   suthcient frorn all sides.  However, this effect

   is negligible for deep stmctural  members,  like
   beams, even  if the concrete  cover  is not

   suthcient.  This is due to the effect  of

   cenfinement  action  of  the deep side  of

   concrete.

Cenfirtingpressure{kge(rn2)

2oo

t50

too

so

oo

Ng,

  246g  10 12
    Cracked Radius Rcr ln ern.

13 Confining of  Bars of  Specimen (1)
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