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Abstract

There exist many reinforced concrete short columns that are vulnerable to brittle shear failure as repeatedly demonstrated during recent
severe seismic events. Due to the large scale of the problem, it is important to investigate the behaviour of short columns and approaches
to their retrofit. The objective of this research program is to evaluate the peeioce enhancement of short reinforced concrete columns
with high and low transverse steel content when retrofitted usingif@néorced composites. Seven ranfed concrete short columns were
designed and tested under lateral cyclic loading and constant axial load. Carbon or glass fibre-reinforced polymers were used to strengthen
the dort columns.

It is found that short columns, even ones igasd according to current codes, suff@rbrittle shear failures. It is demonstrated
expeimentally that it is possible to strengthen the shear resistance of short columns such that a flexural ductile failure occurs by developing
plastic hinges at both ends of the column. Anchoring of the fibre wraps to the columns was found to be effective in increasing the shear
resistance and energy dissipation capacities of the columns.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction occurs. Brittle shear failure reduces the energy dissipating
capacity of the column. It is important to investigate practi-

One of theobserved common reinforced concrete (RC) cal and effective methods to rehabilitate these columns.
structural failures during recent earthquakes is column shear  The use of fibre-reinforced composites in a wide variety
failure. The ypes of columns that are susceptible to shear of industrial applications has rapidly increased during the
failure are short olumns with low shear spgdepth ratio. In last decade. Advanced comftesmaterials are being used
seismically active zones, it has been the practice to avoidto strengthen and enhance the performance of various
the construction of lsort columns. However, there exist a structual elements, particularllRC columns vith circular
large number of columns that are susceptible to brittle fail- and elliptical cross sections.
ure. These columns may have been originally designed as The seismic rehabilitation of square or rectangular short
long columns and then partial supporting walls were later columns using fibre-reinforcqublymer (FRP) materials has
constructed, which created a short column. Short columnsnot been extensively studied. Yoshimura et 4] fested
may also have been the result of recent design following cur- eight 150x 150 x 1000 mm RC columns strengthened
rent codes. Columns built prior to 1970 were designed on the externdly using carbon fibre-reiforced polymer (CFRP)
basis of strength. However, often before the flexural strength under constant gravity load and repeated lateral force. The
of the short column was reached, abrupt non-ductile failure specimens had no transverse ties and the shear/dpath

ratio was 1.0. The small size and the non-standard design of
_ ) the specimens make it difficult to arrive at reliable results.
* Corresponding author. Tel.: +1 905 525 9140x24913; fax: +1 905 529

0688, Haroun et al. 2] tested seven rectangular RC columns
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reversed cyclic load. One of the seven specimens was theto the top of the spegien using a stiff L-shaped fixture. The

control test, while the otherwere epaired using crack column heightdepth ratio was 3.0. Thested columns were

injection and addition of carbon fiber jacket, then retested. subjected to double curvature with the point of contraflexure

The shear spdiepth ratio of the specimens was 2.0. The being maintained at mid-height. The shear span to depth

repaired specimens performed in a more ductile responseratio (a/d) for the tested columns was 1.5. The top and

compared to the as built one. bottom ends of the column were fixed to the test set-up using
Ye et al. [3] tested seen square 20« 200 mm RC a rigid reinforced concrete block.

short columns with shear spaslepth ratios ranging from

1.5 to 3.0 and strengthened with CFRP under lateral cyclic 2 1. Specimen details

loading. The trasverse steel reinforcement ratio of the

specimensor was 0.18%. Twaf the specimens were fully The seven specimens had the same column overall

wrapped with continuous CFRP sheets along the column gimensions. The dimensions of the column represented a

height, V\_/h|le_four were wrapped W|t_h discontinuous CFRP 2/3-scale model of a prototype column. The specimens

wraps with different W|dthsraq spacing. The strengthened e divided into two groups. Group 1 was designed

specimens had a more ductile behaviour compared t0 the,ccording to the current Canadian Reinforced Concrete

unstrengthened ones. _ Design Code ], while Group 2 was designed according
The objective of this study is to evaluate the performance : :

A el’~* 1o pre-1970 codeq]. Group 1 includes specimens SC1,
enhancement of short reinforced concrete columns with high SC2, SC1R, SR and SAU. Group 2 includes specimens
and low transverse reinforcemt content when strengthened  gc3 and SC3R. Fe column cross-section, elevation and
using glass or carbon composite materials. The experimentalainforcement details for the seven specimens are shown
program was designed to evaluate the viability of anchoring i Fig 1 The bngitudinal reinforcement ratio for all the
techniques §] used to impove the confiement of square  ¢oymnsispy = 2.6%. Group 1 columns had #10 ties spaced
columns. at 65 mm. Group 2 columns had #10 ties spaced at 305 mm.

In Group 1, specimen SC1 was unstrengthened and
2. Test program was tested as theontrol specimen. Specimens SC2,
SCI1R, SC2R, and SC1U wereestgthened using different
In an earlier study at McMaster University, three RC systems befa testhg. A schematic representation of the
short columns (SC1, SC2, and SC3) were constructed andstrengthening schemes is shownhig. 1 The column SC2
tested when subjected to cyclateral loadng and constant  was stragthened using three layers of CFRP. The fibre
axial load B]. The cyclic load represented lateral seismic sheets were expected to provide confinement to the column.
forces whilethe vertical load represented gravity load on An attempt was made to redudeetpotential bulging of the
the coumn. One unstrengthened column was designatedsgquare sides of the column by using four clamping plates
as control test, while the other two were rehabilitated with rods through the column section. The rods were 12 mm
using three layers of CFRP. The unstrengthened columndiameter threaded rods arttetclamping plates were 6 mm
failed in shear while the rehabilitated ones exhibited ductile thick. The strendtening of specimen SC1R included using
behaviour. An analytical model to predict the confining four layers of unidirectional glass fibre-reinforced polymer
effect and the total shear resistance of rectangular RC(GFRP) at the plastic hinge regions at the top and bottom
columns wrapped with composite sheets with and without ends of the column. The height of the hinge region of
anchors was proposed. In the current study, the behaviour ofl50 mm was taken as half the section depth. Between the
four additional square RC sharolumns strengthened using  column end hinges two layers of bi-directional GFRP sheets
fibre composites is describe@he proposed rehabilitation were applie. The four layers of unidirectional GFRP and
schemes were initially designed to enhance the shearthe two layers of bi-direatinal GFRP overlapped by 50
resistance of the short columns and prevent their brittle mm. Mechanical anchors similar to those used for specimen
shear failure. It is desired that the failure of the rehabilitated SC2 were used for SC1R. The amount of the GFRP at
specimens occur through the formation of ductile plastic the plastic hinge location of SC1R was chosen such that it
hinges at the top and bottom ends of the column. The provides shear stngth closeto that provided by the CFRP
rehabilitation patterns and materials were selected to of specimen SC2. This will exble the evaluation of the
evaluatethe effects of FRP anchoring, transverse steel effect of FRP material on the response of RC short columns.
content, number of FRP layers and FRP material on the Specimen SC2R was retrofitted using two layers of
seismic peformance of RC square short columns. unidirectional CFRP at the plastic hinge zones of 150 mm
The columns were tested in the fixed—fixed end and two layers of bi-directional CFRP in the intermediate
configuration and were subjected to cyclic displacements zone. No anchors of the FRP sheets into the concrete were
applied to the top end while the bottom end was fixed. provided. The amount of CFRP at the plastic hinge location
The horizontal actuator used to apply the horizontal of SC2R was chosen to be less than that of specimen SC1U
displacements and shear forces was centered at the midin order to evaluate the effect of number of FRP layers on
height level of the tested columns. The load was transmitted the behawour of columns. In order to evaluate the effect of
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Fig. 1. Dimensions, details of reinforcememda-RP strengthening for the seven specimens.
anchoring, specimen SC1U was strengthened by three layergapie 1(a)
of CFRP, similar to specimen SC2 but without anchors. Concrete properties
The two columns of Group 2 (SC3 and SC3R) had a Specimen ¢ (MPa) ft (MPa)
onv_transverse remforcgment ratio sel_ected to satlsf)_/ the SC1, SC2, and SC3 39 39
minimum transverse reinfoement requirement according  SciRr, SCR, and SC3R 34 2.8
to 1968 ACI design practicer]. Without strengthening, the SC1U 43 3.9
columns of this group would have experienced non-ductile
shear failures due to their lowransverse reinforcement
ratio. This will be demortsated analytically inSection 5 Table 1(b)
by predicting the lateral load capacity of an unstrengthened Reinforcing steel properties
RC dhort column in Group 2. The shear failure of the Bar Nominal bar Yield stress Ultimate strength
unstrengthened column in Group 2 is expected since the area(mn®) (MPa) (MPa)
control specimen SC1 with higher transverse steel ratio uoq 300 432 684
failed due to brittle shear. Column SC3 was strengthened #10 100 421 662

using three layers of CFRP sheets. In this specimen, another
technique was used to enhance confinement and reduce the

bulging of the column sideszive 75 mm deep carbon fibre  unidirectional GFRP sheets at the plastic hinge zones and
anchors were used in each of the two sides of the specimenintermediate zone, respectively. The amount of the GFRP at
Column SC3R was retrofitted using six and three layers of the plastic hingegone provides shear strength that is close to
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Table 2
Properties of the composite materials used in rehabilitation as provided by the supghérs [
Property Unidirectional GFRP  Unidirectional CFRP  Bi-directional +45° Bi-directional +45° Tyfo UG Camposite
(MBrace EG900) (MBrace CF130) GFRP (yfo BC) CFRP (Tyfo BCC) strip
Ultimate tensile strength 1700 MPa 3550 MPa 279 MPa 717 MPa 896 MPa
(in primary fibre
direction)
Tensile elongation 2.0% 1.5% 1.5% 1.1% 2.2%
Tensile modulus 71 GPa 235 GPa 19 GPa 65 GPa 41 GPa
Sheet thickness 0.353 mm 0.165 0.864 mm 0.864 mm 1.200 mm

that provided by the three &P layersof specimen SC3.
Two vertical GFRP strips (150 mm wide each) were laid
onto the loading and opposite sides of the column. The
vertical GFRP strips were sandwiched between the lateral
GFRP confining sheets. The vertical strips were thought to
provide an out-of-plane stiffness to the flexible sheets that
are subjected to bulging of corate and budlkng of vertical
reinforcement bars betweeratrsverse ties. A schematic of
the test calmns SC3 and SC3R are showrFig. 1

2.2. Materials

The nominal concrete strengfi was 25 MPaTable 1(a)
lists the 28 day concrete cylinder test results for the seven
column specimens. Ifable 1(a) f; representshe concrete
tensile strendt obtained from a split cylinder test. Grade
400 steel bars were used for longitudinal and transverse rein-
forcement. Coupons of the deformed bars were tested to ob-
tain yield and ultimate stresses as summarizekhivle 1(b)
The mechanical properties did fibre composite materials
as provided by the supplier8,p] are shown inTable 2

3. Test set-up

The test set-up consisted of a reaction frame supporting
the lateral hydraulic actuator and a vertical structure
supporting the vertical hydraulic actuator. A pantograph
system was installed to restrain the top fixed end of the
test column against rotatiorkig. 2 shows the test set-
up and details of the loading system. During the test, the seven specimens. Six strain gauges were placed on the
loads, deflections and str& were measured to monitor outer surface of the FRP sheets; three gauges were at the
the behaviourof the column. Lateral deflections of the centerline axis of the column while the other three were near
specimen and the relative rdtans of the two end blocks of  the alge of the column and were located at the bottom, mid-
the coumn were measured using diar variable differential  height and top end of the column as showifrig. 1
transformers(LVDTSs). Strains in the longitudinal and The test specimens were subjected to a 500 kN constant
transverse reinforcemens avell as the fibe sheets were  axial load. For all specimens, the lateral cyclic displacement
measured using strain gauges. The locations of the strainlevel was selected as multiples dfy, with two cycles at
gauges are shown ifig. 1 For each specimen, four strain  each displacement level. The yield deflectidp for each
gauges were placed on each of flour corner longitudinal ~ specimen was defined as the displacement at the top of
bars and located at the bottom/31heght, 2/3 hepht, the column when first yieldo of the bngitudinal bars
and the top of each bar. Two strain gauges were placed onoccurs. The measured yieldsglacements for all the test
three ties for each specimen. The three ties were chosen t@olumns were fairly consistent. The measured axial load
have consistent locations for the seven specimens, thus then the column tended to vary during the lateral loading
postion of the three ties of Group 2 specimens was used for of the specimen due to the elongation or shortening of

Fig. 2. Test set-up.
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Fig. 3. Comparison between the lateral force—displacement relationships for the seven specimens.
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Fig. 4. Test specimens at maximum lateral displacement: (a) SC1R; (b) SC2R; (c) SC1U; and (d) SC3R.

the gecimen’s height. Although attempts were made to 4.1.1. Specimen SC1R

mairtain the axial load constant, fluctuations in the order

of +4% of the required 500 kN load were measured.

For Group 1 specimens, an unstrengthened RC column

This level of variation may be tolerated since analysis has (specimen SC1) designed using current cdglefdiled in

shown that vetical loads can vary by more than 4% during
earthquakesl[0].

4. Test results
4.1. Lateral deflection and crack-pattern

The lateral load—deflectiorelationships for the seven
columns are plotted ifrig. 3. The deflection is that of the
top block (close to the column top end). The lateral load
is adjusted to include the contribution of the horizontal
component of inclined axial loadzig. 4 shows he crack

shear at a drift ratio of 3.5%Fig. 3 shows tha column
SCI1R reached a maximum lateral displacement of 105 mm,
which corresponds to a drift ratio of 11.5% before its failure.
The drift ratio at 70% of the specimen’s maximum lateral
load capacity was 7%Fig. 4a) shows the test column at
maximum lateral displacement. After the test, the GFRP
wrapping was removed from the top and bottom parts of the
column. The concrete under the fibre sheets at the plastic
hinge location near the two ends of the column had several
shear and flexure cracks. Yet the crack widths were small
and the concrete remained functional due to the confining
effect of the GFRP. The strengthening scheme used was

pattern of specimens SC1R, SC2R, SC1U and SC3R atsuccessfulin preveimg the column shear failure, improving

maximum lateral displacemenThe detailed behaviour of

the ductility and strength of the specimen and developing

specimens SC1R, SC2R, SC1U and SC3R is described inflexural plastic hinges at the top and bottom of the column

the following sections.

as compared with the control specimen SC1.
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level up ton = 3 did not show significant loss of strength.
At a displacement ductility factor of 4, strength deterioration
started and this can be attributed to the formation of new
cracks and widening of the old cracks. Horizontal cracks in
the concrete and separationween the fibres were observed
at a distance of 150 and 75 mm from the bottom and top
ends of the column, respectively. A bulge of the fibre sheets fig. 5. cumulative dissipated energy—displacement ductility factor
was alsoobserved approximately 75 mm above the column relationship.

base in the compressed sidetloe column. hching of the

hysteretic loops and debonding of the CFRP sheets in thea drift ratio of 11.5%.Fig. 3 shows that a sailar column
plastic hinge zones were observed during the eleventh cyclesC3R retrofitted by six and two layers of GFRP sheets at
at a displacement ductility level of 5. At a displacement plastic hinge and intermediate zones, respectively, did not
ductility level of 6, pinching of the hysteretic loopsincreased reach its full shear strength and exhibited limited ductility.
due to development of shear cracks in the concrete underThijs can be attributed to the bulging of the vertical GFRP
the GFRP. Debonding of the FRP jacket increased at a stripson the compression side of the column, which reverses
diSplacement dUCt|I|ty of 7. After this diSplacement ||m|t, during Cyc]ic |0ading_ In fact, this bu|g|ng weakened the
the test was halted as the specimen had lost approximatelyhond between the GFRP jacket and the column due to its
50% of its ultimate lateral load resistance capacity. The imposed outward pressure on the jacket. This action in turn
CFRP sheets @re removed from the top and bottom parts reduced the effectiveness of the confinement. In addition, the
of the column. The concrete under the material at the plastic ahsence of mechanical anchge between the GFRP jacket
hinge location at the two ends of the column was severely and the column expedited the debonding between the jacket
crushed. The strengthening scheme used was successful ignd the columnfig. 4(d) shows the column at its maximum
preventing the column shear failure, improving the ductility |ateral displacement. At lateral displacement6£3 mm

and strength of the specimen and developing flexural pIastiC(l.oAy) the specimen reached its maximum positive and
hinges at the top and bottom ends of the column as comparetheyaive lateral load capacities 6£304 kN and—291 kN,

100 £

50+

4.1.2. Specimen SC2R = 407
Fig. 3 shows that specimen SC2R reached a maximum é W0t —sq 100
lateral displacement of 75 mm, which corresponds to a drift <. 300 f| a_sc2 | s0£
. . . . . en - F -
ratio of 8% before itdailure. The drift ratio at 70% of the P F—o-scir
specimen’s maximum lateral load capacity is 6.594. 4(b) .;: 20T o—scar E
shows the specimen at its maximum lateral displacement. & 200—*+SCIU
. . e [|—e—SC3
The repeated loading cycles at each displacement ductility £ 150 o sear
z
'._;
E
O

0+ S R
o 1 2 3 4 5 6 71 8 9 10

Displacement ductility factor

with the control specimen SC1. respectively. During this cycle, debonding of GFRP in the
_ middle zone of the column occurred. At a displacement
4.1.3. Specimen SC1U dudility factor of 3, considerable loss of strength and

Fig. 3 shows that specimen SC1U reached a maximum degradation of stiffness occurred and the hysteretic loops
lateral displacement of 105 mm, which corresponds to a drift became increasingly pinched. The test was halted after
ratio of 11.5% before its failurerig. 4(c) shows specimen  the specimen reached lateral displacementst66 mm
SC1U at maximum displacement. Unlike specimen SC2, as the specimen had lost more than 50% of its maximum
SC1U showed signs of debonding between the CFRP wrap lateral load carrying capacity. The column failed due to the
and the concrete column. This could be attributed to the formation of a wide diagonal shear crack at mid-height. This
absence of anchorage for the jacket. The debonding startedehabilitation scheme failed to prevent the shear failure of
at a displacement ductility of 4. The ductile behaviour of the the column because of the low modulus of elasticity property
specimen was due to the formation of plastic hinges at the of the unidirectional GFRP and the absence of an anchoring
column ends as a result of the increased shear capacity okystem for the fibre. The GFRRrapping was removed from

the coumn. the mlumn. The concrete under the fibre jacket had several
diagonal shear cracks forming an X-pattern at the middle of
4.1.4. Specimen SC3R the column and zigzag shapes near the edges.

For Group 2 specimens, the analytical model described

in Section 5of this study predicts that an unstrengthened 4.2. Energy dissipation capacity

RC short column designed according to 1968 ACI codg [

and similar to specimen SC3 will exhibit a brittle shear For each specimen, the energy dissipated in each
failure with no ductility. This behaviour was also confirmed cycle was obtained by calculating the area enclosed
by the shear féure of column SC1 with more transverse by the corresponding load—displacement hysteretic loop.
reinforcement. Orthe other hand, specimen SC3 that is The cumulative energy dissipated was then calculated
rehabilitated using three layers of anchored CFRP reachedby summing the energy dissipated in consecutive cycles
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Fig. 7. FRP strain distribution along the column height.

throughout the test-ig. 5 shows the cumutare disspated
energy versus the displacement ductility factor for the
test columns. The dure shows that all the strengthened
specimens except for SC3R with low reinforcement, far
out performed the control column SC1. For clarity, the
behaviour of column SC1 is plotted in a magnified zoom in
inset inFig. 5.

4.3. Strains in transverse reinforcement and fibre sheets

Fig. 6 shows the distribution of strain in the transverse
reinforcement along the height of the column at the first
yield of main reinforcement bay maximum lateral load and

reach the yield stia throughout the loading history. This
indicates that the rehabilitation schemes used for specimens
SC2, SC1U and SC3 were susstul inproviding adequate
confinement and shear strength to allow the ductile hinging
at the column ends to take place before shear failure. Three
layersof CFRP were applied in the strengthening of these
columns.

Fig. 7 shows thedistribuion of strain in the FRP
along the column height at the first yield of main
reinforcement bars, maximum lateral load and ultimate
lateral displacement for the six rehabilitated columns.
High FRP strains were recorded in columns SC2, SC1R,
SC2R, SC1U and SC3 at the ultimate lateral displacement.

ultimate lateral displacement for the seven column tests. TheThis is a strong indication that the rehabilitation schemes

strains in the ties of the thre&rengthened specimens SC1R,

used for these columns were successful in improving

SC2R, ad SC3R at maximum drift were higher than the their performance, while th GFRP #acketing of column

yield strain. On tle other had, the &ain in the ties of the

SC3R with low reinforcement ratio failed to achieve its

three rehabilitated specimens SC2, SC1U and SC3 did notobjectives.
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Table 3
Parametes used tacalculate the confinement effectiveness

Specimen Ae Ke 2ts £fe E¢ A S Peff f/ fle

U
(mmP) (mm) (GPa) (mmP) (mm) (MPa) (MPa)

SC1 41850 0.642 - - - 200 65 0.0118 3.000 54
SC2 64370 0.710 0.990 0.006 235 200 65 0.0246 7.340 75
SCI1R 64370 0.710 2.824 0.006 71 200 65 0.0224 6.686 67
SC2R 64370 0.710 0.660 0.004 235 200 65 0.0166 4.940 60
SC1U 64370 0.710 0.990 0.004 235 200 65 0.0199 5.950 74
SC3 20735 0.229 0.990 0.006 235 200 305 0.0153 1.480 48
SC3R 20735 0.229 4.236 0.004 71 200 305 0.0140 1.347 42
SC3n 8946 0.133 - — - 200 305 0.0025 0.141 40

Table 4

Shear strength contribution from differeneohanisms and shear capacity envelope (in kN)
Specimen Ve Vp Vs Vi max(Vs + Vi) = Vn V=4 V-6 Vr

0.66/ fécbd

SC1 92 83 336 - 392 511 394 336 252
SC2 167 83 336 351 462 712 545 462 347
SC1R 158 83 336 303 437 678 517 437 328
SC2R 150 83 336 156 413 646 491 413 310
SC1U 167 83 336 234 459 709 542 459 345
SC3 43 83 71 351 370 496 412 370 278
SC3R 40 83 71 303 345 468 386 345 259
SC3n 17 83 71 - 330 171 — - -

5. Analytical modeling and SC2R. Reasonable correlation between the experimental

results and the analytical gdlictions were shown with the
theoretical results overestating the load as compared to

Ghobarah and Galal§] proposed a procedure to the experimental measurements. The difference may be
predict the combined flexure and shear response of short P ' y

RC rectangular columns retrofitted using anchored and attributed to the interactionetween the flexural and shear
unanchored FRP jackets. The analytical predictions WereWh'll?r:]eWZiglofci?allluder((j)lcr;(tjrljereanvigss'ihen used to oredict
compared to the experimental results for specimens SC1 y P P

. e 'the shear capacity of a RC sharolumn, SC3n, similar
SC2, and SC3 with 990d agreemeAppendix Aincludes to SC3 but with no FRP <ngthening. The column
a sunmary of the anigtical model.

. . SC3n represents an exigilRC gjuare short column with
In the current study, the same analysis procedure is A - o
. . shear reinforcement that satisfies the minimum transverse
applied to specimens SCIR, SC2R, SC1U, and SC?’R'reinforcement requirement according to the ACI 198B |
Table 3 contains the parameters used to calculate the q 9

confinement effectiveness as provided by the steel ties an esign practice code. Column SC3n can be considered as

the FRP jacketTable 4lists the shear strength contribution the wntrol specimen fpr Group 2 golumns, which was not
. . . tested.Tables 3and 4 include pertinent data that is used
from different mechanismand the total shear capacity

. ; . . to calculate the shearapacity of column SC3nTable 4
envelope at different displacement ductility levelisg. 8 . .
) shows that SC3nsiexpected to have a shear capacity
shows the aalytical flexure and shear envelopes and the

experimental response for columns SCIR, SC2R, SClU,that is Ies_; than half the flexure capacity at yield of a similar
; . .~ but rehabilitated column SC3. Therefore, the unstrengthened
and SC3R. The column’s analytical backbone behaviour

: S column SC3n is expected to suffer a brittle shear failure
will follow the flexure envebpe until it reaches the shear . : . . .
. . efore it reaches its flexural yield capacity. On the basis of
capacity envelope. Subsequently, the column loses its latera

. . ; . . the analytical predictions, aminn SC3n was not tested since
force resistance capity following a negative shear stiffness, the test was not expected toogide anv newriformation
until the residual shear capaci®} is reached. Brittle or P o y ’

modeate-ductile behaviours are expected if the column’s

shear capacity is reached at displacement ductility levels less6. Effect of anchoring

than 2 or between 2 and 6, respectively such as column

SC3R. A ductile behaviour is expected if the column’s One o the recognized problems in the confinement of
shear capacity is higher than its flexural envelope at high rectangular column with FRP sheets is debonding between
displacement ductility levels such as columns SC1R, SC1Uthe FRP and concrete. The debonding is accelerated by
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Fig. 8. Analytical and experimental response for specimens: (a) SC1R; (b)

SC2R; (c) SC1U; and (d) SC3R.
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Fig. 9. Lateral force—displacement envelopes for the seven specimens.

cracking when the column is subjected to lateral loads.
Debonding between the concrete and composite sheets
occurred in the tested specimens SC2R, SC1U, and SC3R.

Providing anchors to improve the distribution of confine-
ment pressure on rectangular columns, was successfully im-
plemented by Ghobarah and Sadl [Anchoring of the FRP
to concrete may be achieved using tie rods or mechanical
or fibre anchors. The improvemtein the distribution of the
confinement pressure on the column reduces the bulging of
the column sides. Strains reded in the anchor rods at max-
imum drift reached approximately half the yield strain in
specimens SC24].

Both specimens SC2 and SC1U had the same transverse
steel content and were strengthened with three layers of
CFRP. In column SC1U no ahors were used. Four anchor
rods with clamping plates were used in specimen SC2 to
provide anchorage between the column and the jaEkgt9
shows acomparison between the étl load—displacement
envelopes for the seven test columns. Column SC2 showed
a nore ductile response without recognizable decrease in
lateral force resistance, as compared to the response for
column SC1U. In addition, comparing the dissipated energy
capacity for the two specimens as showifrig. 5, indicates
that the dissipated energy capacity of the anchored CFRP
jacketed column is approximately 25% more than that of an
identical column with an unanchored jacket.

A comparison between the tistrain and CFRP strain
distribution along the column height for the two specimens
SC2 and SC1U is shown Figs. 6and7, resgectively. From
the figures it can be seen that anchoring the CFRP sheets to
the concrete column as in tlkase of column SC2 decreased
the strains in the transverseimforcement and increased the
strains in the CFRRs compared to the column SC1U, which
wasnot provided with anchors. It is noted that the foregoing
conclusions concerning thenfermance of anchored jackets
are based on limited number of tests. However, these two

concrete cracking under the FRP. Although confinement of tests confirm earlier conclusis on anchored jackets of

the concrete at the aainn corners is effective, the column

beam—column joints. Anchoring FRP sheets to the concrete

sides araot well confined and can bulge out due to concrete column may increase the cost of the rehabilitation scheme by
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approximately 20%. Howeverh¢ associated performance shown inFigs. 6and? indicates that increasing the number
enhancement would make the additional cost worthwhile.  of layers of CFRP sheets consistly decreases the strains
in both the transverse steel ties and fibre sheets.

The beneficial improvement in the behaviour due to the
increase in th@umber of FRP layers of Group 1 specimens
i , . . is applicable to Group 2 speuéens that represent columns

Prior to 1970 not much attention was paid to ductile it hrior to 1970. The analytical model described above
detailing of short columns. Once the strength of a short g4\ys thatricreasing the number of FRP layers increases
col_umn is reached, abrupt qon_—dmdetenore}tmn follows, the column’s shear capaciby increasingts concrete/ and
which reduces the energy dissipating capacity of the column eppy/, shear mechanisms. This effect is beneficial until the

and results in brittle failure. Current codes attempt 10 f4ire mode is no longer brittle shear but is governed by the
provide for high lateral reinforcement content to increase flexural capacityof the column.

confinement and increase the shear resistance of the column.
Specimens SC2 and SC3 were designed according to
current and pre-1970 codes, respectively. Specimen SC29. Effect of FRP material
has #10 bar ties at 65 mm spacing, while specimen SC3
has #10 bar ties at 305 mm spacing. Both specimens were Specimens SC2 and 3R have the same transverse steel
strengthened using three layers of anchored CFRP jackets.content and are strengthened using FRP jackets that are
Comparing the lateral force—displacement envelopes for anchored to the column by means of through anchor rods
specimens SC2 and SC3 shownfiig. 9 indicated that at  with clamping plates. Two diéirent types of fibore material
large lateral displacement (larger than displacement ductility were used in sengthening the two specimens. The jacket
of 3), the column with the higher transverse steel content for specimen SC2 included three layers of CFRP, while
will have higher lateral load capacity due to improved specimen SC1R was wrapped with four layers of GFRP.
confinement. Comparing the dissipated energy capacity Although the two specimens were designed to have similar
for specimens SC2 and SC3 shown Hig. 5 indicates shear capacity envelopes, the experimental response for the
that increasing the transversteel content increases the two specimens wadifferent.
dissipated energy capacity again due to the ductile behaviour Specimen SC2 stngthened using CFRP had higher
of the confined column. lateral force capacity as ogpared to column SCI1R that
Comparing the tie strain and CFRP strain distribution was streagthened using GFRP as shownHig. 9. Similar
along the height of columns SC2 and SC3 at ultimate lateral observation can be also made from examirfig 5where
displacement shown iRigs. 6and7 indicates thatincreasing  strengthening RC short column SC2 with anchored CFRP
the transverse steel content decreases the tie strains at thieas higher energy dissipating capacity as compared to the
column mid-height, while it has negligible effect on the tie similar column SC1R séngthened with GFRP.
strain at the colum ends. On the other hand, increasing Comparing the tie strain and CFRP strain distribution
the transverse steel content reduced the strains in the FRRalong the height of both test columns at ultimate lateral
jacket along the column hgit. The ties at the top and displacement shown ifigs. 6 and 7 indicates that in the
bottom ends of the column are effective in confining the case of CFRP jackets the strains in the steel ties and the
flexural hinge location while the ties near the mid-height of FRP abng the column height decreased. This is due to the
the column resist the shear. In column SC3 with low lateral high modulus of elasticity of the carbon fibre material as
reinforcement content, the fibre material is relied upon for compared to the glass fibre material. The poor confinement
the mnfinement of the flexural hinge zones. of the glass fibre jacket allowed the cracks in the concrete
to widen with the consequence of debonding of the fibre
and loss of shear resistance. The difference in behaviour
between the two materials is consistent along the height of

) the colmn.
Specimens SC2R and SC1U have the same transverse

steel content. However, test columns SC2R and SC1U

were rehabilitated using two and three layers of unidi- 10. Conclusions

rectional CFRP layers, respectively. Comparing the lateral

force—displacement envelopes for the two specimens as The results from an experimental study that included
shown inFig. 9indicates that increasing the number of FRP seven RC square short columns tested under cyclic lateral
layers increased the column’s shear capacity, which resultedioads and onstant axial load were discussed. The specimens
in a more ductile response. The cumulative dissipated energywere separated into two groups. Group 1 is designed
capacity for specimen SC1U with the larger number of FRP according to current code CSA [1994] with high content
layers is hgher than that of SC2R as can be seeFim 5. of transverse reinforcemenwhile Group 2 vas designed
Comparing the tie strain and CFRP strain distribution along according to pre-1970 code [ACI 1968] with low content
the height of both specimens at ultimate lateral displacementof transverse reinforcemerithe analytical prediction of the

7. Effect of transver se steel content

8. Effect of thenumber of FRP layers
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response of the as built column indicted that it will suffer
a lrittle shear failure with no ductility. Based on the results
of the experimental program, the following conclusions are
reached:

1. Anchoring of the FRP jacket to the concrete cross section
of short column subjected to lateral cyclic displacements
increases the column’s shdarce and energy dissipation
capacities.

. The anchors improved the confinement of the concrete
with the resulting decrease in the strains in the transverse
reinforcement and increase in the strains in the fibre
jacket.
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Fig. 10. Combined flexural and shear response for columns.

. Tie strain at column ends in RC short columns

strengthened with anchored FRP is not affected by

transverse steel reinforcentemtio. However, the strain ~ Combining the sheastrength envelope with the flexural
in the FRP jacket along the column height was found capacity envelope of the column results in one of three
to decrease with increasing transverse steel content offésponses; (1) Ductile beviaur; (2) Moderate ductility
the colimn. The transverse steel reinforcement ratio has With shear failure; and (3) Limited ductility with brittle
neg||gb|e effect on the tie strain at the column ends and shear faiIure.Fig. 10 shows the combied flexure and shear

reduces the strains in the FRP jacket along the columnresponse of the axially and laterally loaded RC column.
height. The column is assumed to undergo degradation in the shear

. Increasing the number of FRP layers in short column capacity fromVc to V; (residual shear strength) for the
strengthening decreases the strains in both the transversecases of moderate and limited ductilities. The residual shear
steel ties and fibre materials. strength V, is estimated from experiental observations

. Using anchored carbon fibre sheets rather than anchored® be 075(Vs + V). The degradation in strength occurs
glass fibre sheets for strengthening RC short columnsthrough a displacement equivalent to once and twice the
increases both the shear foraedahe energy dissipating yield displacement for limited and moderate ductilities,

capacity. It also decreases the strains in the steel ties andespectively. _ _
the FRP along theatumn height. In calculating the shear strength of the FRP mechanism

. From the test results, the most appropriate strengtheningY - the model accounts for the simultaneous confinement ef-
technique for short columns was found to be the use of fect of the FRP jacket on increasing of the concrete strength,
anchored CFRP jackets over the height of the column Whichinturnincreass the shear strength contribution of the
and the additional confinement of the end flexural hinge concrete mechaniswt. The ntributions of the four mech-

zones using CFRP sheets with unidirectional hoop fibre @nisms thatadd up to the nominal shear strength of a rectan-
gular RC short column retrofitted with FRP are given by the

orientation. _ (
following equations:
Appendix A. Summary of the analytical model Ve = 0.3y fc/EAe ®)
Pt/
=kp—— 4
In this appendix, a summary of the analytical model is P PH “)
presented. Dtails of the model are available elsewhesg | _ A, fy,d (5)
The nominal shear capacityyn, of an RC o©lumn S
retrofitted with FRP composites is equal to the sum of the Vi = 0.95(2t¢)(eteEt)ds (6)

contributions of four mechanisms; concrétg axial load
where

Vp, transvese steels, and FRPV+:

is the confined compressive strength of concrete,

is the area of effectivglconfined concrete core,

= 1 for columns in double curvature and 0.5 for

columns in single curvature,

is the axial loadn the column,

t is the totaldepth of the column cross section,

i.e. Vi = Ve + Vp + Vs + V. Q) e

Fig. 10 shows the shear strefgenvebpe of an axially
and laterally loaded shbrcolumn with respect to its
displacement ductility. The model assumes that the column
shear capacity decreases bi-linlawrith the increase of the
lateral displacement ductilityy, after reachingu = 2 such

Ae
k

that: H is the colunm heght,

d is the column section depth to the tensile steel,
Vi=a = 1/3(Ve +Vp) + Vs + Vi atu=4 (28) A, fy,.s are the total cross sectional area, yielding
V=6 = Vs + V5 atu = 6. (2b) strength and spacing of transverse reinforcement,
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2t is the total transverselesign thickness of FRP  wj is theith clear distance between adjacent longitudi-
sheets (i.e. for two opposite sides), nal bars, and

Efe is the design strain for FRR;;e = 0.004 for Sx,Sy are the least of transverse hoop reinforcement
unanchored FRP sheets amge = 0.006 for and FRP anchor spacing ix and y directions,
anchored FRP sheets, respectively.

E¢ is the Young's modulus of the FRP composite peff is the effective tansformed confinement content;
material, and transforming the FRP sheets at straify into an

d¢ is the depth of the FRP in the direction of load. equivalent steel content having the same steel yield

The ACI [1]] limits the total shear strength where more strength and is given by:

than one type of shear reinforcement is used to: Ay 2ts ereEy
Peff = a + P (12)
Vs + Vi < 0.66)/TLbd @) ©

whereb is the width of the column.
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