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CRACKS  VVIDTHS  EVALUATION  AND  DAMAGE  STATES  DRIFTS  OF
                 REINFORCED  CONCRETE  COLUMNS

Hossein MOSTAFAEI  *'  and  Toshimi KABEYASAWA  "2

ABSTRACT:  An  approach  is studied  to evaluate  the damage states drifts of  reinforced  concrete

¢ olumns  based on  crack widths. Shear cracks  and  flexural cracks are the main  crack types, considered

for the latera1 drifts estimation  of  reinforced  concrete  columns.  Load-Lateral drifts relationships  at  the

damage states  were  estimated  based on  shear  crack  angles  and  truss mechanism.  A  constitutive  law was

modified  for compression  diagonal strut ¢ oncrete  of  the analogues  truss, The analytical  outputs  were

compared  with  the experimental  results  ofsixteen-tested  reinfbrced  conerete  columns  subjected  to static

cyclic  unidirectional  reyerse  lateral load and  applied  axial  load with different shear  capacities.

KEYVVORI)S:  Reinforced concrete  celumns,  shear  failure, crack  width, extreme  damage state

1. INTRODUCTION

     Columns play a very  importaat role  in behavior of  reinforced  conerete  structures.  Previous

post-earthquake inspections and  evaluation  of  damage  in buildings have demonstrated that most  of  the
old reinforced concrete buildmgs, constructed  based on  the old desigri codes, are vulnerable  to seismic

loads due to lack of  shear  capacity  in columns.  To  implement an  eificient  means  of  rehabilitation,

damage  evaluation  need  to be carried  out  to determine the proper retrofit  measures.  In order  to evaluate

post earthquake  damages of  stmctures,  in most  cases,  visua1  inspection is the only  practical method  to
estimate  the darmge states. Experimental studies  have shown  that characteristics  of  crack,  appeared  in
reinforced  concrete  members,  are  related  to the damage states  of  the structures.  In this study,  a

relationship  between crack's  parameters and  lateral drifts of  reinforced  concrete  colurnns  is expressed.
The  measured  widths and  angles  of  the cracks  are  the main  parameters involved in the drifts evaluation

method.  A  lateral load-drifts relationship at damages states was  corrrputed for reiniToreed concrete
columns  in order  to obtain  the latera1 load level corresponding  to the latera1 drifts derived from cracks

parameters. The calculated results,  obtained  by applying  the analytical  approach,  were  compared  with

sixteen  reinforced  concrete  columns  tests resultsi)'2). The  specimens  were  designed by considering  main

pararneters contributing  in shear  failure of  conyentional  reinforced  concrete  columns.

2. CRACK  WIDTH  AND  LATERAL  DRIFTS  RELATIONSHIP

     Lateral drifts of  the reinfbrced  concrete  columns  can  be obtained  based on  the crack  widths and  the
crack  angles,  appeared  in the face of  the columns,  by  dividing deformations in two  categories:  flexural
deformation and  shear  deformation. Flexural eracks  usually  appeared  before the shear  cracks  on  the face
of  the columns  at the two ends, tension sides, horizontally. As  the drift increases, the flexural cracks

develop unti1  shear  failure oceurs  which  is fo11owed by complete  failure. Therefore it is 1ikely to see  the
decreasing of  the flexural crack  widths and  increasing the shear  cracks  at this time. The widths of  shear

cracks  could  be directly related  te lateral drifts, which  are  sigris ofcapacity  loss states  of  the members.

2.1 DRIFTS  DUE  TO  FLEXURAL  CRACKS

     FIexural cracks can  be evaluated  based on  curvature  moment  analysis.  The general equation  for
computing  the lateral drifts due to flexural mechanism  for beams  is expressed  as:
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where,  5=  lateral drifts, (b= curvatures  and  x=  a  variahle  changes  from O to L which  is the length of  the
column.  in which  curvature  e is expressed  by equation  (2):

                             {Z5"dEl.  (2)

where,  E,=  tension steel strain, d=  effective depth of  tension steel  and  c=  distance from extreme

compression  fil)er to neutral  axis  ofreinfbrce  concrete  colunm  sections.

    Since the tension strains  of  concrete  can  be neglected  it can  be assumed  that fiexural crack  widrks
ratio is related to E, by,

                
DL'
 RJ f(e.) or  

DLf
 N:I,C  e, =>  D, sL2i.C  e, (3)

where,  B=  section  width, and  Df=  crack  width.  Since, usually  maximum  flexural cracks  widrbs at the

bottom of  the sections are measured;  e, in equation  (3) is multiplied  by (B-ald-c). Therefore, it could  be
acceptable  to relate  eracks  widths to the curvatures  (after sul)stituting  (2) in equation  (3)) by:

    Df :2i.e  Le, =>  Df As :icCL(d-c)ip =>  Df =(B-c)Lip  orip=(B2f.)L  (4)

Considering equation  (1), 1ateral drifts can  be derived:

of =  fqttdu -  il(Btllf.)L rdt -L2(B
 
-
 c)2Df,

(5)

where,  6F= lateral drifts due to flexural cracks,  and  ZDfi is the sum  of  the fiexural cracks  along  the edges
of  the colurnn.  For sake  of  sinrplification,  it could  be accqptal)le  assumption  to presume B-c== B12.
Therefore the tota1 1ateral flexura1 drifts can  be obtained  by:

                               oj=ZBDf,L (6)

22  DRIFTS  DUE  TO  SHEAR  CRACKS

    R ¢lationship between shear  cracks  and  lateral drifts in r¢inforced concrete  columns  was  derived
based on  shear  cracks  widths and  cracks  angles.  Fig. 1 shows  shear  cracks  and  the horizontal componerrt

of  the crack  width,  which  is assumed  to be equal  to the resultants  of  shear  diagonal conerete  and  stirrups

deformation. in Fig.1 D.  is the crack  width ofan  individual crack.  Based on  relationship  illustrated in Fig.
1, 6shear, latera1 drifts due to shear  deformation can  be related  to the summation  of  the horizontal
components  of  shear  eracks.

                                          ZDc,
                                    4.. -

                                           sinA

where  Pi is individual shear  crack  angle  to horizontal correspondmg  to the crack  width Dei

(7)

2.3 TOTAL  DRIF'TS  DUE  TO  SHEAR  AND  ELEXURAL  CRACKS

    Total lateral drift can  be estimated  by conibining  equation  (6) and  (7) which  gives,

A.ZDcJ  
.LZDfi

sin  fii B (8)
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where,  ZDci -- sum  of the shear crack widths appeared  on  one  face of  the columns  in the load

direction, fii 
=

 the individual shear eracks  angles  to horizonta1 direction, 2Dfi =

 sum  of  fiexural

cracks  wi(iths, L=  length of  the column,  B=  wickh ofthe  colurim's  section  on  the side  that fiexural cracks

appeared  and  A=  total lateral drift. Elastic deformation of  the columns  must  be added  to the lateral
drift obtained  by the al)ove equation.

Dc!sin B
s--

  
Nss

  Dc  
'-

Fig.1 Shear crack  widths in specimeni}  No.1-2002 and  shear  cracks  pararneters in equation  (7)

     ln order  to evaluate  the relial)ility of  the expression,  shear  deformations of  sixteen  reinfbrced

concrete  colurnns  specimens  subjected  to static cyclic  unidirectional  reverse  latera1 load and  applied axial

load with different shear  capacities,  were  computed  using  equation  (8) and  the oimputs  were  corrrpared

with  the test results  (see Fig.2).
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Rig.2 Calculated and  measured  shear  drifts ratios  of  sixteen  tcsted reinforced  concrete  columns

     Fig. 2 demonstrates a  close  correlation  between the test results  and  the analytical  outputs.  Tlie
diffbrent values  between measured  and  calculated shear  drift ratios were  calculated and  the averages  and

standard  deviations werc  obtaineq  for each  step ef  shear  drift, based on  a  statistical analysis.  The results

of  the analysis are listed in tahle 1. The  resu1ts  show  less accuracy  for 1arge drifts. As  the shear  drifts
inerease, cracks  spr ¢ ad  through  the whole  column's  face and  eracks  pattern becomes more  complex

therefore cracks  parameters might be measured  with less accuracy  as well  as lateral drifts. The standard
deviation at shear  drift equal to O.25 might be improved by adding  the elastic driffs ofthe  columns.

Table 1. Statistical Analysis Results ofDifferent  Between  Measured  and  Calculated Shear Drift Ratios

Driftkatios O.25 O.5 O.75 1 1.5 2
AverageValues O.055678e.09ou11O.046939O.024075 O.07199O.42299

StarLdardDeviationsO.1629S9O.1073g7O,186219O.246991O.291076O.510038
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3. [[RUSS  MECHANISM  ANALYSIS  BASED  ON  CRACK  ANGLES

     Truss mechanism  is believed to be the major  causes  of  shear  drifts. The shear  distortions, in the
web  of  reinforced  concrete  columns,  can  be approximatcd  by an  analogous  truss. Horizontal stirrups and

ct degree diagonal concrete  struts are  aggumed  to form the web  members.  The  analogous  truss shown  in
Fig, 3 depicts a  conventional  column  with  a web  horizontal transverse reinforcement.  The inclination of

the diagonal compression  struts, resisting  a force Cd and  running  parallel to diagonal cracks,  is assumed
equal  to the shear  crack  angle  ct to the vertical.  The external  shear  force Pk, which  is the same  as  the

proportion of  shear  force resisting  by truss mechanism,  is equal  to the resultant  of  all stirrup  forces across
the diagonal crack.  AT' is the bond force or  difference of  tension forces between two  truss sections.

Horizontal displacement component  due to truss mechanism  can  be calculated  as:

                                
Aht

 ., 
As+

 
Ae

 (g)
                              1'dcota                                        cotojd                                                ]'dcosa
where,  A,= stirrups  deformation, A.= strut deformation, Ah,= total lateral shear  drift, andJ'd=  distance
from centroid  of  compressive  forces in the steel and  concrete  to the centroid  ofthe  tension  force (Fig. 3).
After applying  deformation compatibility  relationships  and  equilibrium  equations,  equivalent  initial shear

stiffhess  of  the truss mechanism  can  be･ obtained  as equation  (1O).
                                         Z･2

                         K, 
=

 
b.E.jd

 ,:?2IE}s  pa.. (:i,n/ Ea,) 
(1o)

where,  b.= width ofse ¢ tion, p.. =  A.1b.s, s=  stirrups  spacing,  A.== stirrups  area. Consequently, the

tota1 shear  force-shear drift relationship  can  be summarized  as equation  (1 1).
                                    Pl=KA,, (11)
Zl: External shear  force (Fig. 3), Ah,: Total shear dnft related by equation  (9), and  K}: equivalent  initial
shear  stiffhess  calculated  by equation  (1 O).
     Inelastic shear  behavior oftmss  mechanism  can  be modeled  by introducing two  nonlinear  spimgs

(see Fig, 3), Ks represents  as  a transverse reinfbrcement  spring  which  can  be modeled  by a  normal

bilinear hysteretic model  and  Kc  functions as  a  concrete  strut spring  with  a  constitutive  law defined by
equation  12 (see Fig. 4).

                   L=vb(toil;o2-(o3ol2] tf 4saoo2  (i2..)

               L=%na-qc-o.ooz if o.oo2sgcgg. (12-b)
in which

Z=E,,.+e?,,5-ooo2 ' ssou=O21.xt;r9-+70o03?2+1:' (f; 
kgi2Cl.2)and

 e,,,=a.]mo.(1.f:-)"'"

Where f, 
'=

 concrete  strength  in direction of  the compression  stress  kglcm3 [4], v.== is efficierrt  factor for

compression  strength  in direction of  the strut obtained  from All code  of  Japan. p.=ratio of  velume  of

transverse reinfbrcements  to volume  of  concrete  core  measured  to outside  ofhoops,  b'=width of  confTmed

core measured  to outside  of  hoops, s,, =  spacing  of  hoops, bw=2, aw=O.75  (constant factors for the
mechanism),  and  Z=  slope  of  the assumed  1inear fa11ing branch in Fig. 4. A  reduction  factor is multiplied
to Esos and  6sohparameters  in the equation.  The  reduction  factor is depended on  loading type (hysteretic
characteristics),  mainly  effect  oftension  bars stress  reduction (after shear  failure) due to the axial  load
effects  and  compression  fairure mechanism,  which  can  be obtained  from a nonlinear  curvature-moment

analysis.  ln this study,  it was  assumed  to be equal  to reduction  tension stresses  ratio  in steel bars due to

applying  axial load. Fig. 5 shows  the correlation  between experimental  results  and  analytical  outputs,

based on  the presented approach,  of  lateral drift ratios  at the load level 50%  of  the maximum  lateral load
capacity of the columns  after shear failure for the sixteen tested columns  listed in Table 2. The average
and  standard  deviation for the different values  between experimenta1  and  analytical  results  of  shear  drift
ratios  are  1%  and  O.195 respectively. The computed  results  show  appropriate agreement  with  the test

 outputs.  Comparison of  output  results  of  specimeni}  No.11/2002 to No. 1412002 implies that energy

 dissipation is another  factor that has to be considered  in the presented mechanism.
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Table 2 Materials and  characteristics  of  the specimenst}'2),

Section
Dimension

Heightsmm oBkcm2MainBarsHoopsAxialLoad

ratio

No.112002 600 280 12-D132-D6@50 021

No.1612oo2 261 023
No,512002 750 296.5 12-D16 O.2

No,712002 12-13ap24ep@100 02
No,912002 e.2

No.11/2002 281.5 023

No.1212002300x300mm
2-D6150

O.23
No.1312002 16-D13 O.23
No.14f2002 2.D6@50 O.23

No.15/2002 261 4-D6@50 O.23
No,112oo1

900
2-5160 O,3

No.4f2oo1 135 O.3

No.6X2001 12-D132-D6@75-O.15-+O.85
No.812001 O.3
No.10/2oo1 180 -O.15-co.85

No.1or2oo1 O,2

4. CONCLUSIONS

    Two  crack  characteristics were  applied  to estimate  the shear  drifts of  RC  columns;  crack  width,
which  was  applied  in the first part of  this study  in order  to obtain  the shear  drift, proportionately from
summation  of  crack  widtbs, and  crack  angre  which  was  employed  in a  tmss meclranism  to estimate  the
shear drift and  it's relationship with shear force. The  main  scope  of  the study  was  to employ  the
collahoration  of  two  methods  in a process of  post-earthquake damage  evaluation,  Using the first
approach  the maximum  approximate  lateral drift that experienced  by a  colunm  during an  earthquake

might be estimated  and  the shear  force level of  the RC  columns  would  be obtained  by the second
approach  applying  the force-deformation relationship.  The results  of  shear  drifts estimation  using  the
crack  widtbs for the tested columns  show  that as the shear drifts increases, cracks spread  through  the
whole  colurrm's  face and  cracks pattern becomes  more  complex  theTefore cra ¢ks parameters might be
measured  with less accuracy  as  well  as  lateral drifts. ln order  to obtain  more  accurate  results  in 1arge
lateral drifts and  their relation  with  residual  cracks  widths, futher study  is needed.  ln the second  part of
study  the results of  lateral drifts at the 50%  shear  capacity  after  shear  failure were  obtained  based on  the

analysis  and  compared  with the experimental  results.  Study showed  that a  modified  truss mechanism

could  be applied  to estimate  reliable  lateral drifts results  at damage  states.
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