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ABSTRACT 

Four reinforced concrete column units were tested subjected to simulated seismic loading to 

investigate repair and strengthening techniques. The as-built colum_ns were 350mm square 

and contained low quantities of transverse reinforcement as was typical of building columns 

designed and constructed in the pre-1970s. The column units represented the column region 

between the midheights of successive storeys. A stub was present at the midheight of each 

unit to represent a portion of the twcrway beams and slab at the beam-column joint. Two 

column units were tested, repaired and strengthened by jacketing and retested. The other~ 

column units were strengthened by jacketing and tested. The jacketing consisted of a 100mm 

(3.94 in) thickness of added reinforced conaete. The new longitudinal reinforcement was 

placed through the floor slab. Two amzngements of transverse reinforcement in the jacket 

were investigated. The as-built columns displayed low available ductility and significant 
.. . 

degradation of strength during testing, whereas the jacketed columns behaved in a ductile 

manner with higher strength and much reduced strength degradation. The retrofit of columns 

using reinforced concrete jackets wm found to be successful but labour intensive. 

Keywords: building columns, concrete jacketing, ductility, flexural strength, reinforced 

concrete columns, retrofitting, seismic design. 
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INTRODUCTION 

Seismic design procedures have advanced considerably since about 1970. The main 

developments have been in the understanding of the non-linear dynamic response of 

structures, the introduction of capacity design procedures, and the methods for detailing 

reinforcement in concrete structures to achieve the ductile behaviour necessary to survive 

severe earthquakes. 

Retrofitting of structures has been undertaken in several earthquake-prone countries 

·after structural damage caused by strong earthquakes1,2,3 or because existing structures 

were required to comply with more recent code provisions 4.S_ Deficiences often found 

in typical existing moment resisting frames are inadequate shear strength of beams, 

columns and beam-column joints, and inadequate flexural strength and ductility of 

columns6.7• 

Several teclmiques for the repair and strengthening of structural elements such as 
. -

reinforced concrete columns have been suggested in the literatureW,10
• However there 

has been limited guidance for designers. As a result the techniques have been used in 

earthquake-prone countries with design based mainly on engineering judgement4.s. A 

review of the literature shows that experimental and analytical research is required to 

provide designers with information regarding the seismic behaviour of structures repaired 

and strengthened by different retrofit techniques. 

One retrofit technique for buildings has involved the jacketing of columns. This 

approach has the advantage that the resulting increase in the lateral load res_istance of 

the building is distn"buted thr_oughout the structure, and therefore that new foundations, 

or significant strengthening of existing foundations, may be avoided10
• 

This paper reports the results of an experimental study of the improvement in seismic 
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behaviour of r:einforced concrete columns repaired and/or strengthened by concrete 

jacketing. The as-built colums tested were typical of those constructed for buildings in 

the pre-1970s. The tests involved both the as-built columns and the columns 

strengthened by concrete jacketing with added longitudinal and transverse reinforcement. 

DETAILS OF COLUMN TEST UNITS 

The prototype column 

A typical reinforced concrete column from the lower storey of a seven storey moment 

resisting frame constructed in New Zealand in late 1950s is shown in Fig. 1. The 

columns in some regions of this building have inadequate flexural strength to prevent 

plastic binging of columns occurring· during a severe e~quake. Also, the transverse 

reinforcement in the columns is inadequate for shear and confinement according to 

current seismic codes. Although built in New Zealand, the ··column in Fig.1 may be 

typical of many of this vintage constructed in other countries of the world. 

The as-built Units S1 to S4 

Four reinforced concrete column units, referred to as Units S1, S2, S3 and S4, were 

constructed at 7 /8th scale to represent the as-built prototype prototype column shown 

in Fig. 1. The column cross sections were 350 mm (13.8 in).square and the column unit 

had a height of 3.3 m (10.8 ft), representing the column region between the midheights 

of successive storeys of the frame. Typical dimensions and reinforcing details of the as

built column units are sh~ in Fig. 2. Eight longitudinal bars were distributed evenly 

around the perimeter of the column cross section and the transverse reinforcement 

consisted of sets of overlaping square hoops as shown in Fig. 2. The stub at the mid-
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height of the column units represented a small portion of the two-way beams and slab 

at the beam-column joint. The longitudinal and transverse reinforcement of the column 

units were plain round bars (typical of the 1950s) of Grade 300 (f,. ~ 44 ksi) steel and the 

concrete of column units was normal weight with a design concrete compressive strength 

f~ of 20 MPa (2,900 psi)~ The concrete in the column units was cast with the columns in 

the horizontal position. 
-

Table 1 lists details of the reinforcement for the as-built Units S1 to S4. Table 2 lists 

details of concrete compressive cylinder strengths and the axial load ratios applied to 

columns during testing. Table 1 shows that the quantities of confining reinforcement in 

the as-built column units were very low compared with the quantities required by the 

AO code12
• However the ratio of the theoretical no~ shear strength of the as-built 

column units computed using the AO code12 approach to the shear force required to 

develop the theoretical no~ flexural strength was about 1.:3. 

- The jacketed Units S81 to SS4 

The as-built Units S1 and S4 were first damaged by simulated seismic load testing and 

then jacketed to become Units SS1 and SS4, respectively. The as-built Units S2 and S3 

were jacketed without first testing to become Units SS2 and SS3, respectively. 

Units S51 and SS2 had 100 mm (3.94 in) thick concrete jackets containing eight new 

longitudinal bars bundled into the comers of the jacket and new square hoops as shown 

in Fig.3a. Units SS3 and SS4 had 100 mm (3.94 in) thick concrete jackets containing 

twelve new longitudinal bars distributed around the perimeter of the cross section of the 

jacket and new sets of overlapping square and octagonal hoops as shown in Fig. 3b. 

The longitudinal reinforcement in the jackets were deformed bars from Grade 430 (fy 
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Table 1. .Details of Reinforcement In Column Test Units 

Longitudinal Reinfor~ment Transverse Reinforcement 

Unit Part of Column 
Sb. (a) P, tit, AlPa Pt tit, J;a Pa 

mm % mm mm % Pua4e 

S1,S2,S3,S4 As-built column 20 325 2.05 6 350 265 0.13 0.10 

SS1 Column jacket (c) 16 502 1.36 10 340 95 0.35 0.38 

SS2 Column jacket Cc) 16 S02 1.36 10 340 95 0.35 0.40 

SS3 Column jacket (c) 12 491 1.28 10 330 72 0.82 1.00 

SS4 Column jacket (c) 12 491 1.28 10 330 72 0.82 0.79 

(a) Spacing in potential plastic region 

(b) 

(c) 

p
1
,a,dc = quantity of transverse confining reinforcement required in potential plastic hinge regions by ACI Code12

• 

Units SS1 and SS4 were repaired and strengthened; Units SS2 and SS3 were strengthened. 

Note: 1mm = 0.0394 in, 1 MPa = 145 psi. 

(b) 



Table 2. Compressive Strength of Concrete in Column Test Units 

Concrete Compressive 
cylinder strength at stage of 

Unit testing 

Age, days Strength 
f;, MPa 

S1 110 29.5 

S4 104 25.9 

SSI 152 (a) 329 (a) 

S82 75 (a) 34.0 (a) 

SS3 77 (a) 19.4 (a) 

S54 30 (a) 25.2 (a) 

(a) Data for the concrete jacket of the column. 

Note: 1MPa = 145 psi 

p -.-
fcA, 

0.2 

0.2 

0.1 

0.1 

0.1 

0.1 

!: 62 ksi) steel, and the transverse reinforcement were plain round bars from Grade 300 

(fy 2: 44 ksi) steel The concrete used for-the jackets of these column units was normal 

weight and was cast w:ith the columns in the vertical position. Before placing the concrete 

jackets, the surface of the concrete of the as-built columns was lightly roughened to an 

amplitude of about 2 to 3mm (0.08 to 0.12 in) by chipping, and in the case of the 

previously damaged columns of Units S1 and S4 all loose concrete was removed. Fig. 4a, 

b and c show for Unit S1 the damaged region of the as-built column above the slab after 

the initial seismic load testing, the damaged region of the as-built column after removing 

the loose concrete, and the column with the new reinforcement before placing the 

concrete jacket, respectively. The final placement of concrete for the jacket around the 

column below the floor slab was through holes made in the slab through which the new 

longitudinal column bars passed. Care was needed to ensure that the concrete was 

adequately compacted and that the concrete in the jacket reached the underside of the 

siab. 
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(a) Damaged Region of As-Built 
Column After Testing 

(c) New Reinforcement Placed 
Before Casting the Jacket 

...... _ .. 

( d) Method of Attaching New Ties 
in Beam~lum:n Joint Region 

Figure 4 • Initial Damage and Method of Repair and Strengthening of As~Built Unit S1 
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Tables 1 and 2 list for Units SSl to SS4 the details of the reinforcement and the 

concrete compressive cylinder strengths. The axial load ratios applied during the tests _ 

are also shown. The design of longitudinal and transverse reinforcement in the concrete 

jackets complied with the requirements for ductile columns designed by capacity design 

for seismic loading according to the New Zealand concrete design code NZS 310111
, 

except that in the columns of Units SS1 and S52 the ,iorizontal spacing of the tied 

longitudinal bars exceeded the code permitted maximum spacing of 200 mm (7.9 in). 

Table 1 shows that the quantities of confining reinforcement in the jackets of Units 

SSl to SS4 were generally less than that requir_ed by the ACI code12
• However the ratio 

of the theoretical nominal shear strength of the jacketed column units computed using 

the ACI code12 approach to the shear force required to develop the theoretical nominal 

flexural strength was about 1.S for Units SSl and .SS2 and about 2.7 for Units S53 and 

SS4. 

In the beam-column joint regions the longitudinal column bars in the jackets were 

laterally restrained by ties, which in the case of Units SSl and SS2 were welded to bolts 

anchored in the concrete of the as-built units (see Fig.4d). In Units S53 and SS4 the 

lateral restraint to the longitudinal column bars in the beam-column joint regions was 

applied more positively by hoops which were made up by bars passed through holes 

drilled horizontally through the concrete of the beams an.d welded in place to form 

hoops. 

TES~NG OF THE COLUMN lJNITS 

Simulated seismic loading 

The column units were tested subjected to simulated seismic loading. Quasi-static 
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cyclic lateral loading H was applied to the stub at the midheigbt of the unit through a 

loading frame, and a universal testing machine was used to apply a constant axial 

compressive load P through steel rollers and end plates to each end of the column (see 

Fig. 5). For the as•built columns the axial compression load ratio P / A,!.: was equal to 0.Z 

which was typical of the lower storey columns of the building investigated. In the 

repaired and/or strengthened units this ratio was eq~ to about 0.1 (see Table 2). 

In all tests a cycle of lateral loading to 0.75HAC was initially applied, where HAa is 

the calculated lateral load associated with the nominal theoretical flexural strength ~ 

being reached at the critical sections of the column, computed using the ACI12 

rectangular compressive streu block for the concrete with an extreme fibre concrete 

compreuive strain of 0.003, the measured concrete co~pressive cylinder strength, a 

strength reduction factor ; of unity, and the measured str~strain relationship for the 

longitudinal reinforcement. Note that the New Zealand concrete design code11 uses the 

same assumptions for flexural strength calculations as the ACI code12• The lateral 

displacement at first yield A1 was found from the stiffness at a lateral displacement A~ 

measured at the central stub at 0.7SHAa or first yielding of the longitudinal 

reinforcement, whichever was less, extrapolated linearly to HAa13
• This amounted to 

multiplying A~ by 1.33 to obtain A
1 

• Because of the significant softening of the lateral 

load versus displacement relationship measured during the tests on the as•built Units S1 

and S4, caused mainly by inadequate bond, A., in these units was defined as the central 

stub displacement measured at 0.75HAa• 

The applied cyclic loadinJ in the inelastic range was displacement controlled. The . 
column units were subjected to two loading cycles to each of µ. = ± 1, ± 2, ± 3, ± 4, etc, 

where µ. is the nominal displacement ductility factor defined as A/ Ay, where A is the 

lateral displacement of the central stub. 
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Instrumentation 

The horizontal displacement and the rotation of the central stub were measured by 

a set of three linear potentiometers. Additionally, twelve pairs of potentiometers were 

used to measure the average section curvatures over 80 and 160 mm (3.15 and 6.3 in) 

gauge lengths in the plastic hinge regions adjacent to the central stub. The pairs of 

potentiometers in the gauge lengths immediately above and below the column stub were 

seated directly against the faces of the stub, and hence these readings included 

deformations of the column due to bond slip of the longitudinal reinforcement in the 

-stub. and yield penetration of this reinforcement into the stub. 

Also, electrical resistance strain gauges were attached in pairs at various locations on 

the hoops and on the longitudinal reinforcement in the plastic hinge regions. 

PERFORMANCE OF THE AS-BUILT COL~ UNITS 

Load ven11s displacement response 

Fig. 6 shows the experimental lateral load versus lateral displacement hysteresis loops 

measured for Units St and S4 representing the as-built column.. Also shown is the 

nominal ideal theoretical ultimate lateral load HAa calculated using the ACI code12 

approach previously descn"bed. This theoretical load is plotted as dashed lines which 

reduce with increase in displacement due to the P-A effect. Fig. 6 shows that unlike well 

confined columns, where significant flexural overstrengtbs have been measured14, the 

measured maximum moments of Units St and S4 were almost equal to the nominal 

theoretical strengths calcula~ed including the P-A effect. 

Fig. 6 shows that Units S1 and S4 demonstrated a significant reduction of strength 

after they reached the measured maximum moments which ocurred at µn equal to 
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approximately 3. This was the stage of significant crushing of cover and core concrete. 

The damage was concentrated mainly in the plastic hinge region above the central stub 

in the case of Unit Sl (see Fig.4a) and in the plastic hinge regions above and below the 

central stub in the case of Unit S4. 

Fig. 6 also shows values for the real displacement ductility factor IJr, which includes 

the. effect of the rotation of the central stub due to the plastic hinge deformations 

concentrating either above or below the stub. As is shown in Fig. 7, IJr can be calculated 

asµ, = (A +8b)/ A1 where 8 is the measured rotation of the stub and bis the distance 

from the centre of the stub to the pin at the end of the column. As is seen in Fig. 6, the 

value for µn of 3 for Units S1 and S4 corresponds to values of µ, that ranged from 3.6 

to 3.9. 

A measure of the ductility of the column units is the available displacement ductility 

factor,µ., defined13 for four loading cycles (that is, eight loadµig runs) as 

µ. = r.µ/8 0) 

where r.µ is the cumulative displacement ductility factor for loading runs in which the 

lateral load did not reduce to less than 80% of the maximum applied lateral load. Using 

this definition, for Unit S1 there were four loading runs to µn = 2 and four loading runs 

to µ0 = 3, giving µ. = (4x2+4x3)/8 = 2.5. For Unit S4 there were four loading runs 

to µ0 = 2 and three loading runs to µ0 = 3, givingµ. = (4x2+3x3)/8 = 2.1. 

The New Zealand concrete design code NZS 310111 specifies that structures with 

"adequate ductility" should ~each a lateral displacement of at least 4 to 6 times the 

displacement at first yield during four loading cycles, without significant reduction in 

strength. It is evident that the measured available displacement ductility factors for Units 
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Sl and S4 fell well short of those code specified values for ductile structures. Also, the 

measured ductilities for Units Sl and S4 fell short of those measured in previous 

research projects conducted at the University of Canterbury14
•
15 during quasi-static cyclic 

loading tests on reinforced concrete columns having low axial loads and containing 

greater quantities of transverse confining reinforcement. 

The maximum interstorey drift reached by Units S1 and S4 before the lateral load 

reduced to less than 80% of the maximum applied lateral load was about 1.9%. The 

interstorey drift is obtained by dividing the interstorey horizontal displacement by the 

storey height. lnterstorey drift has been suggested as a suitable index for the level of 

deformation imposed on test structures or structural subassemblages16
• However caution 

must be adopted in the use of this index in tests because ~e imposed deformation needs 

to be related to the stiffness of the structure and the displacement ductility factor°. 

Noting ~t Units Sl and S4 were relatively flexible, tJie interstorey drift of _1.9% attained 

by these two units before substantial strength degradation is relatively small compared 

with the values of at least 2 to 3 % obtained in previous tests on stiffer reinforced 

concrete columns designed according to the New Zealand concrete design code11 

conducted at the University of Canterbury14.15,17• 

Measured strains and curvatures 

Fig.8 shows the variations of longitudinal concrete strain on the surface of the core 

concrete in the plastic hinge regi9ns of Unit Sl as calculated from potentiometer 

readings. Fig.9 shows the v~tion of longitudinal steel strain in the bars of Unit Sl as 

measured by electrical resistance strain gauges. The differences between the concrete 

and steel strains shown by the comparison of Figs. 8 and 9 is due to bond degradation 

18 
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occurring between the concrete and the plain round longitudinal bars during the tests. 

Similar trends in the measured strains were found for Unit S4. 

Evidence of bond degradation is also given by the curvatures obtained from 

potentiometer readings for Units S1 shown in Fig.10. It can be seen that most of the 

inelastic curvature in Unit S1 was concentrated in a plastic hinge length of about 0.Shc , 

where ~ is the column depth. Similar results were found for Unit S4. This 

concentration of curvature was evidently due to bond degradation leading to one or two 

main cracks, particularly in the 80 mm (3.15 in) gauge length commencing at 160 mm 

(6.3 in) from the face of the stub. 

The lateral load versus column curvature hysteresis loops measured for Unit S1 are 

shown in Fig.11, where the column curvatures were obtained from the above 80 mm 

(3.15 in) gauge length. For comparison, the lateral load versus column curvature 
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response predicted by cyclic moment-curvature th~ory18 are plotted in Fig. 12. The 

co~on shows that the experimental flexural strength of Unit S1 was predicted 

reasonably well by the moment-curvature analysis, but that the experimental column 

curvatures were greatly underestimated. This would be because the theory did not 

include the effect of the bond degradation between the plain round bars and the 

concrete. 

• The measured averaged strains of the hoop sets nearest the central ·stub of Unit S1 

(see Fig.2) are shown in Fig.13. The hoop strains in the damaged region seldom reached 

the yield strain, even in the final stages of testing. Unit S4 gave similar results. 

PERFORMANCEOFTHEREPAIREDAND/ORSTRENGTHENEDCOLUMNUNITS 

Load versus displacement response 

Fig.14 shows the experimental lateral 1~ versus lateral.disp~cement hysteresis loops 

for the retrofitted Units SSl to SS4. The measured lateral load versus displacement 

hysteresis loops for the four jacketed columns indicated good energy dissipation and only 

a little reduction in strength up to the end of testing. It was observed that each as-built 

column behaved monolithically with its jacket during the tests. The increase in stiffness, 

strength and ductility of the jacketed columns can be observed by comparing Figs. 6 and 

14. The comparison indicates, for exaDlple, that the strength and stiffness of the jacketed 

Unit SSl were about three times those for the as-built Unit S1. The ductility achieved 

by the retrofitted columns was at a level satisfactory for ductile structures. The 

maximum interstory drifts r~ed was about 28%. 

The experimental loops shown in !ig.14 for Units SS1 and SS4, which were damaged 

before retrofitting, are similar to those for Units SS2 and SS3, which were not damaged 
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before retrofitting. This suggests that the pr~vious damage to the as-built columns of 

Units SSl and SS4 did not significantly influence the performance of the retrofitted units. 

Also, the experimental loops shown in Fig.14 for Units SSl and SS2 which had 

longitudinal bars bundled into the corners of the jackets (see Fig.3a), and for Units SS3 

and SS4 which ·had longitudinal bars distributed around the perimeter of the jacket (see 

Fig.3b ), were not significantly different Hence the bundling of bars in the comers of the 

jackets of Units SS1 and SS2 had no detrimental effect on the seismic performance of 

those units, in spite of the fact that these bundles were 438mm (17.2 in) apart and hence 

exceeded the permitted New Zealand code11 maximum spacing between tied column bars 

of 200mm. (7.9 in). Similar results for bundled column bars have also been found in cyclic 

lateral loading tests of jacketed reinforced concrete columns conducted at the University 

of Texas16
• 

In addition, these tests indicated that the greater quantity of f:1'3.11SVerse reinforcement 

in the jackets of Units SS3 and SS4 than in the jackets of Units SSl and S52 (see 

Table 1 and Fig.3) resulted in no significant improvement in the seismic behaviour of 

Units SS3 and SS4. That is, for these jacketed columns with relatively light axial loads 

of 0.lf~ the lateral load tests showed that the quantity of confining reinforcement 

recommended by the ACI Codeu is unnecessarily high. The conservative nature of the 

ACI recommended quantity of confining reinforcement for columns with small axial load 

levels has been discussed previously19
• 

In the test on Unit SSl the bundled longitudinal bars buckled in the column above 

the central stub at a nomin~ displacement ductility factor µ8 of about 6 and eventually 

fractured (see Fig. 14a and 15a). Although most of the damage was concentrated above 

the central stub of this unit, some damage was also observed below the stub. 
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The test on Unit SS2 was terminated when a significant reduction of lateral load 

capacity occurred as a result of buckling of the bundled longitudinal bars in the beam• 

column joint region at a µn of about 6 ( see Fig. 14b ). These bars lost their restraint 

against buckling when the anchor bolts, to which the ties in the jacket in the beam• 

column joint were welded, pulled out of the concrete of the as•built unit. The more 

reliable lateral restraint obtained from welded hoops passing through holes drilled in the 

beams of the beam~lumn joint region, used for Units SS3 and SS4, is therefore 

preferred. 

The damage to Units SS3 and SS4 was concentrated in the columns below the beam

column joints and the longitudinal bars buckled and eventually some fractured at µn 

values of about 6 (see Fig.15b). 

(a) Unit SSl (b) Unit SS4 

Figure 15 • Damage of Repaired and Strengthened Column Units at the End of Testing 
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Measured strains and curvatures 

Curvatures obtained from potentiometer readings for Unit SSl are shown plotted in 

Fig.16. Fig.17 shows the experimental hysteresis loops for lateral load versus column 

cwvatures for Unit SSl, where the_ column curvatures were obtained from the readings 

of the potentiometers above the central stub seated directly against the face of the stub. 

The lateral load versus column curvatures predicted by the cyclic moment-curvature 

theory of Mander et al18 are plotted in Fig. 18. The cyclic moment-curvature theory 

included the effect of yield penetration of a 32vdi, length of longitudinal bar into the 

stub, where di, is the diameter of the longitudinal bar in mm. Comparison of Figs. 17 

and 18 shows that the flexural strength of Unit SSl was predicted reasonably well by the 

theory, but that the theory underestimated the experimental curvatures. For more 

accurate results, bond slip in the column should also be co~dered in the theoretical 

predictions. 

The measured steel strains on the instrumented hoop sets in the jackets of the plastic 

hinge regions of the four retrofitted columns indicated that these strains seldom reached 

the yield· strain, even in the final stages of testing. 

CONCLUSIONS 

1. The seismic load tests on two column units, representing reinforced concrete columns 

designed and constructed in New Zealand in the 1950s, showed that columns designed 

to early seismic codes have very low available ductility. The columns tested were 

350mm (13.8 in) square, co~tained plain round longitudinal bars, and had transverse 

reinforcement consisting of 6mm (0.24 in) diameter hoops at 265mm (10.4 in) centres. 

During quasi-static cyclic lateral loading tests, which simulated seismic loading, available 

displacement ductility factors of approximately 2 were found in these column units. 
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Evidence of bond degradation between the plain round longitudinal bars and the 

surrounding concrete was also observed, which resulted in a softening of the measured 

lateral load versus displacement relationships. 

2. The two previously tested and damaged as-built column units were retrofitted by 

adding reinforced concrete jackets. In addition, two further as-built column units were 

retrofitted by adding reinforced concrete jackets without being first subjected to 

simulated seismic loading The jackets consisted of 100mm (3.94 in) thick new concrete 

containing new longitudinal ~d transverse reinforcement. The surface of the as-built 

columns bad been lightly roughened by chipping before the jackets were placed. The 

new longitudinal reinforcement was placed either bundled in the four comers of the 

jacket with single square hoops as transverse reinforcem~nt, or distributed around the 

jacket with square and octagonal hoops as transverse reinforcement. In the first case the 

bundles of longitudinal bars were 438mm. (17.2 in) apart, ~din the second _case the 

longitudinal bars were no more than 198mm (7.8 in) apart. Results of the simulated 

seismic load tests showed that the strength and stiffness of the jacketed columns were up 

to 3 times those of the as-built columns. During quasi-static cyclic lateral loading tests, 

with imposed nominal displacement ductility factors of up to 6, ver:y good energy 

dissipation and only a small reduction in strength was observed These tests also showed 

that the effect of previous damage to the as-built columns, and the two different 

reinforcing details used in the jacketed columns, had no significant influence on the 

overall seismic performance of the jacketed columns. 

3. The results of this investigation indicate that jacketing with new reinforced concrete 

significantly improves the stiffness, strength and ductility of typical reinforced concrete 

columns constructed according to early seismic codes. However, as was found in the 

investigation, this technique of retrofitting is very labour intensive. 
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NOTATION 

~ = total effective area of transverse confining reinforcement in direction of 

column under consideration 
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Ag = gross area of column section 

d., = bar diameter 

f~ = compressive cylinder strength of concrete 

f,. = yield strength of longitudinal reinforcing steel 

~ = yield strength of transverse reinforcing steel 

h = shear span of column 

he = column depth 

h" = width of core of column measured to outside of the · peripheral hoop 

H = lateral load 

HAa - lateral load associated with the theoretical nominal flexural strength of 

column calculated using the ACI 318 method and 8$Uroing a strength 

reduction factor ; = 1 

P = compressive load on column 

s.. = centre to centre spacing of hoop sets 

A = horizontal displacement 

A~ = horizontal displacement measured at 0.75 HAa or first yielding of 

longitudinal reinforcement, whichever is less 

A1 = horizontal displacement at first yield 

Pt = ratio of area of longitudinal steel to gross area of column 

Ps,codc = quantity of confining reinforcement in potential plastic hinge regions of 

columns reco~ended by AC!, 318-89. 

8 = rotation of column stubs 
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