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  SHEAR  STRENGTHENING  OF  RC  BRIDGE  PIERS  BY  STEEL
JACKETING  WITH  EXPANSIVE  CEMENT  MORTAR  AS  ADHESIVE

Aloke RAJBHANDARY",  Govinda R. PANDEY",  HiroshiMUTSUYOSHI'3 and  Takeshi MAKI'`

                             ABSTRACT
This paper presents the experimental  investigation on  the application  of  expansive  cement

mortar  between conerete  and  steel jacket for seismic  retrofitting  and  repair  of  RC  piers. A
tota1 number  of  three RC  celumns  ineluding a shear  critical column,  a  retrofitted  colurnn

and  a  repaired  eolumn  were  tested under  reversed  cyelic  loadmg. The test results  showed

that the use  ef  expansiye  cement  mortar  for steeljacketing  of  rectangular  colimms  provides
additional confrmcment  to the co1umn  concrete  enhancing  greatly the seismic  perfbrrnance
of  the column  in terms of  shear  strength  and  ductility.
Keywords: steeljacket, expansive  cement  mortar,  concrete strength, coficrete confinement

1. INTRODUCTION

    A  number  of  retrofiuing  techniques  for
reinforced  concrete  bridge piers have been
developed and  verified  experimentally  in the past
few decades [1-4]. These  techniques have been
essentially  to enhance  the seismic  perfbmiance of
these structures  in shear.  Steel jacketing has been
one  of  the most  popular methods  for seismic

retrofiuing  of  RC  colurnns.  It is more  popular
for circular  columns,  and for reetangular  columns
the use  of  elliptical shaped  steel jackets has been
recommended  [5]. However, in Japan,
rectangular  piers are  often  adopted and  use  of

elliptieal shapecl  steel  jackets causes  dilliculty in
urban  fieeways due to 1imitatien of  space  [6].
Hence in most  cases  rectangular  steel jacketing is
adopted and  additional arrangemerits are rcquirod

to obtain  satisfhctery  results  such  as  1ateral ring
beam  at the bottom of  steel jacket [7, 8],
    The steei jackets are  attached  to the RC
columns  by irijoeting non-shrinkage  mortar  er

qpoxy resin  as adhesive  f6]. However  epoxy

resins  are  quite expensive  and  the non-shrinkage
mertar  does not  guarantee effective  confinement

of  concrete  of  the jacketod rectangular  RC
coIums  unless  properly stiffened,

    This research  presents the possible

application of  inorganic expansive  cernentitious

material  that can  be used  as  an  alternative

a[thesive  material  for stee1 jacketing. Ilhe aim  is
to ensure  additional confTmement  of  the eolumn
concrete  due to chcmical  prestress ger}erated by
eXpansive  mortar  thus improving greatly the
seismic  performance of  retrofitted  and  repaired

columns  in shear  and  ductility.

2. EXPERIMENIAL  PROGRAM

     Ib investigate the seismic  performance of
rectangular  RC  columns  with  steel  jackets using

expansive  cement  mortar  as  adhesive,  three
specimens  were  tested under  reversod  cyclic
loading. The descriptions of  these specimens  are

given in 
'lable

 t. The first one  was  the control
specimen  without  any  retrofiuing.  The second

specimen was  as built column  retrofitted  with

rectangular  steel jackets using  expansiye  cernent

mortar  as adhesive.  The concept  is to utilize the
additional confrmement  of  the column  concrete  due
to expansive  cernent  mortar,  The third specimen

was  seyerely  damaged  column  with  briule shear

failure and  a  large diqgonal erack. This co1um
was  repaired  with  steel jacket using  expansive

cement  mortar  for fi11ing the cracks  and  also as an

adhesive  between the jacket and  colurnn. Nong
with additional  confmement,  the aim  of  using

expansive  eement  mortar  for repair  is to fi11 up  the
erack  firmly which  could  hartlly be achieyed  using

conventional  cemerit  mortar.  The  test result  of
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these three specimens  were  used  to present the
possible applicadons  of  steel jacketing with

expansiye  cement  mortar  as adhesiye  for retrofit
and repair  technology.

'lable

 1 Descri tions of  test s  ecimens

    
'lable

 2 shows  compressive  strength  of  the
sampled  concrete  cylinders on  the day of testing,

yield strength  of  longitudinal reinforcing  bars and
that of  steeljacket.

Sp, ID Description

  N  ControI Specimen
  SJ3 Retrofitted with  steeljacket

p atJ4S  N dtht1kt

     Fig. 1 shows  the dimensions and  other

details of  the tested specimens.  Ihe cross-section

of  the specimen  was  300 x  300 mm  while  the
overall  height of  the column  was  1000 mm,  The
height of  the loading point ffom the
column-fboting  joint was  830 mm,  The
shear-span-to-depth  ratio (ald) of  the specimens

was  3.17. 16 D-16 bars were  provided as
longitudinal reinforcements  while  no  1ateral
reinforcepaents  were  provided  in the shear  span  to

ensure shear fhilure in thecontrol speeimen.  The
other  two  columns  were  jacketed to a  height of
650 mm  from the column-footing  joint with  3.2
mm  thick steel jacket, The expansive  cement

mortar  of  30 mm  thickness was  used  as the

adhesiye  material  for steel jacket. A  gap of  50
mm  was  provided  between steeljacket  and  footing
to prevent excessive  enhancernent  of  flexural
capacity  of  co1umn  [5],

     Mheshe  mortar

    

    

rg

iL

Tgt

 thlck

L----  1200 -

Fig. t Details oftest  specimen

2,t Materials

(1) Concrete, reinfbrcing  bars and  steeljacket

    Ready-mixed, normal  weight  concrete  with

the maximum  coarse aggregate  size  of  20 mm  and

average  slump  of  150 mm  was  used.

t wTble2Mateal  rt

              Yield strength
                           Yield strength
        Q' oflongimdinal

-i2t:-!Lgpt

iD
 (Mpa) 

einfbrcngb
 

ofs?/:eJaac)ket

N  49.1 397 .

SJ3 47.0 397 314
SJ4 49,1 397 314

(2) Exp ansive  cement  mortar

    [Ib determine the effect  of  expansive

cementitious aclhesives for steel jacketing, its
restrained  expansion  propenies were  first studied

based on  the "S  specification  
"Standard

 test

method  fbr restrained  expansion  of  expansive

cement  mortar"  [9], A  total number  of  five
mortar  moulds  were  tested. The cross  section  of

al1 the moulds  was  100 x  100 mm  while  their

imer length was  360 mm.  The expansive

property of  the mortar  was  recorded  in terms  of

strain of  the restraining  rod  of  6 mm  diameter
which  was  at axial  center  of  the mould.  Tkvo
LVDfs  were  placed on  restraining  plates on  either

side of  the mould  to record  the overal1  elongation

of  the restraining  red.  Fig. 2 shows  the moulds
used  for pla¢ ing the mould,

L

Fig. 2 Details of  mould

     The mortar  was  mixed  with  water  cement

ratio of  O,4, The moulds  were  cast  with  diflerent
arnounts  of  expansive  cement  admixture  of  Type A
to determine the expansive  propenies of  mortar.

A  fixed quantity of non-shrinkage  cement

admixture of  Type B  was  also  added  to prevent
shrinl[age. After placing the mortar  in the
moulds,  they were  wrapped  with plastic sheets  and

kept in the same  physical conditions  as  the steel
jacketed specimens  would  be subjected  to,

    
'lable

 3 shows  the mix  proponions of  the
test specimens  and  the compressive  strength  at 7
days.
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'lable

 3 Mix ro ortion of  mortar  secimens  and  their comressive  stren th

Sp.ID.Cement(kg/m3) Sandtkghn3)Water(kgfm3)
Expansiye cement
  admixture  of

    TypeA
    k hn3

Non-shrinkage
 admixture  of

   Type B
      m3

 levverage

compresslve

 strength

   MPa

SPISP2SP3SP4SP586286286286286294294294294294234534534S345345o15202530 8080808080 47.750.842.6S4.7ss.s

    The strain on  the restraining  rod  and  the
corresponding  elongation  due to expansive

cement  were  recorded  at an interval of  10
minutes  for 24 days. Fig. 3 shows  the strain
deyeloped on  the restraining  rod due to

expansion  of  mortar.  These curyes  clearly

skow the fiuctuations in strain of  the rod  with

daily temperature  vanations.

soo

soo

c  4co9vsE6

 2oo

o

.2ooe

Fig.

 5 M  15 20

       Time  (Ckiys)

3 strain in restraining  rod

25

    As  the mortar  mix  SPI does not  contain

any  expansive  eement  admixture,  it is considered

as reference  to determine the actual  property of

expansive  cement  admixture  and  to standardize

it. Hence, the strain for mortar  mix  SPI was

deducted from the strain in other specimens.

This in turn also nullhies  the temperature effects
on  the mortar  mix  and  only  the property of

exparisive  cement  admixture  is highlighted.
This can  be expressed  by Eq. 1 .

&  
=

 stsmpm -  qstpl (1)

where,q

 :Standardizedstrain

6si)(xJ : Recorded strain  on  SP 2, 3, 4 or  5

astpi : Recorded strain on  SPI

    Fig 4 shews  the standardized  strain

developed in the restraining rod  due to expansive
mortar.  The  obtained  results  clearly demonstrate
that using  higher amount  of  expansive  cement

admixme  results in greater expansion  of  cement

mortar.  Based on  this experiment,  the mortar

mix  of  SPS was  selected  as an  alternadye
material  to epoxy  resin  for steel jacketing of

rectangular  column.

400

soo

ts- 2ooP,g

 toe

e

-tooe

Fig.

5 tO 15 20

       TimeCDeys)

4 Standardized strain  in

  restraining rod

25

2.2 Experimental Setup and  Instrumentation

    Fig. 5 shows  the experimental  setup  for
the test.

-- V stengnoor

Fig. 5 Experimental setup
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    Prestressed rods  were  used  to fix the test
specimen  on  strong  fioor, Axial load was

applied  to the top of  the co1umn  and  was

maintained  at a constant  level of  90 kN  during
testing  so  as  to maintain  the compressiye  axial

stress of  1 MPa. Reversed cyclic load was  then
applied  at the predefined loading height using  an

actuator  operated  under  displacement control.

The behavior of  the columns  was  monitored

during the test by several  strain gages instal1ed
on  the longitudinal bars and  steeljackets,

2,3 Loading Program
    Displacement contro11ed stepwise  reversed

cyclic loading as shown  in Fig. 6 was  app!ied to
the columns.  The disp1acement amplitude  of  5y,
3S,. 56,, 75,, 86,, 96,, 106, and  so  on  was  applied

until  failure, where  6y is the calculated  yield
displacement (5 mm).  This loading sequence

with  minimal  number  of  load reversals  was  used

to prevent the undesirable  premature low cycle
fatigue of  longimdinal reinforcements.  The
specimen  is considered  to have fai1ed when  its
load canying  capacity  degraded to 80%  of  the

peak value  and  the corresponding  displacement
is regarded  as  ultimate  displacement,

10
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Fig. 7

  -4o e o

      Dispiacement (mm)

Load-displacement curve  for
the control specimen

-10

co

(1) Retrofitted specimen  SJ-3

    The specimen SJ-3 showed  ductile fiexuTal
behavior with  appreciable  increase in lateral load
carrying  capacity  compared  to control  specimen.

Ductility factor of  around  7.5 was  obtainod  and

the specimen  eventua!ly  failed due to yielding of

longitudinal bars and  crushing  of  concrete  near

the column-footing  joint. The crushing  ef

column  conerete  near  the column-footing  jeint
was  aocelerated  by the 1ateral buckling of  the
bottommost ponien of  steel jacket on  either

loading faces. Fig. 8 shows  the
load-displacement curve  for this specimen.

250

234567

125

2g,g

     Cycle number

Fig. 6 Loading sequence

3. RESUVT'SAND  DISCUSSION

3.1 Load-Displacement Curve

     Fig. 7 shows  the load-displacement curve

obtained  ffom the test of  the control  specimen  N,
As expected, prernature shear  failure was

observed  even  before the yielding of  longitudinal
reinforcements. The result of  this specimen

was  taken as a  reference  to evaluate  the

performance of  the retrofitted  and  repaired

co1umn  specimens.

.125

-250ec

Fig.

    .40 O 40 oo

       Displacemeni (mnt)

8 Load-displacement curve  for
   the specimen  SJ-3

(2) Repaired specinien  SJ-4

    Fig. 9 shows  the extent  of  damage  to the
specimen  SJ-4 before repair
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Fig. 9 Specimen SJ-4 before
     and  after repair

     Though  this specimen  was  heavily
damaged in shear,  after repair  it showed

satitfactory  seismic  behayio: Fig. 10 presents
the load-displacement eurve  for this specimen,

Ductility factor of  around  5.7 was  obtained.

The final failure mode  for this speeimen  was

also due to yielding of  longitudinal bars and

crushing  of  concrete  near  the column-footing

joint followed by the 1ateral buckling of  steel

jacket,
  am

125

ggOJ

.125

-25e-se
 -ro o 4o  eo

           Displacemeni (mm)

Fig. tO Load-displacement curve  for
       the specimen  SJ-4

3.2 Strain Profile for Steel Jacket
     Fig. 11 presents horizontal tensile strain  at
the mid  height of  the front face of  the steel jacket
for the specimens  SJ-3 and  SJ-4 respectively,

The strains  presented here do not  incorporate the
strain developed by chemical  prestress of
expansive  cement  mortar,  These strains arise

due to bearing of  co1umn  eonerete  against  the
steel jacket in the process of  development of

diagonal crack during reversed  cyclic  loading,

250

125

S:os

.125

.250

250
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!loB
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.250
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    $trainoffS

(a) Specimen SJ-3

600

o1co

Fig. tl

 1co  3co  400  500

   shain (d cr!)

(b) Specimen SJ-4

Horizonta1 tension strain

ooo

     The strain profile shows  neariy  unifbrm

increase in strain with  each  loading cycle for the
retrofitted  specimen  SJ-3. Howeveq for the
specimen  SJ-4 there is a  sudden  increase of

strain on  push side  while  attaining  peak load.
This can  be attributed  to the sudden  opening  of

shear  crack  in specimen  SJ4 as  the column

repaired  by the mortar  1acks aggregate

interlocking action  compared  te the retrefitted

speermen.

3,3 Envelope Curves

     The enyelopes  of  the load-displacement
hysteresis curves  for al1 specimens  are  compared

as shewn  in Fig. 12. The specimen  SJ-3 had
much  higher load carTying  capacity  compared  to
control  specimen  N. The seismic  perfbrmance
of  the heavily darnaged spe ¢ imen SJ-4 was  also
found to be satisfbotory  after repairt The
stiffhess  of  the repaired  specimen  SJ4  also
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matched  with that of  specimen  SJ-3 signifying

the effectiveness  of  expansive  cement  mortar  fbr
theconfTmementofcolumnconcrete. Finally,in
both the jacketed specimens  SJ-3 and  SJ-4,
crushing  of  concrete  near  tlie column-foeting

joint triggered by the lateral buckling of  steel

jacket in that region  caused  the gradual reduction
of  lateral load canying  capacity,

25D

125

gios

.125

.250
  -eo -4e o 4o

             Displacement(mm)

 Fig. 12 Hysteresis envelope  curves  for

        the tested specimens

4, CONCLUSION

ee

     Reversed cyclic  loading tests were  canied

out  en  three rectangular  celumn  specimens.

The first specimen  was  as-built  control  specimen

and  the second  one  was  retrofitted  with  steel

jacket. The third specimen  was  heavily
damaged co1umn  repaired  with  stee1  jackets.
Both second  and  third specimens  used  expansive

cement  mortar  as  adllesive.

     Based on  the experimental  results,

following conclusions  can  be drawn:

(l) The test of  expansive  cement  mortar

    showed  that it cart expand  under  restrained

    conditions.  This property of  it can  be
    used  for retrofit and  repair  of  RC  columns

    using  rectangular  steel j ackets.
(2) The test results  on  retrofitted  specimen

    showed  that steel jacket retrefitting of

    rectangular  columns  using  expansive

    cement  mortar  is effective in preventing
    shear  failure and  enhancing  ductility.

(3) Furthermore, the test on  heayily darnaged

    co1umn  also  showed satisfhctory  seismic

    behavior. [his demonstrates the possible
    future application  of  expansive  cement

    mortar  in repair  and  rehabilitation  of

    damaged RC  columns.
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