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Seismic Design Guidelines for Squat Composite-
Jacketed Circular and Rectangular Reinforced

Concrete Bridge Columns

by Hussein M. Elsanadedy and Medhat A. Haroun

An object-oriented computer code, based on a moment-curvature
analysis with inclusion of fiber-reinforced polymer-confined concrete
models, was developed to predict the seismic performance of
reinforced concrete squat bridge columns. The study involved seismic
assessment of as-built shear-deficient columns in addition to
performance prediction of ductile composite-jacketed columns.
For as-built columns, the code assessed the accuracy of several
shear strength models using experimental data of 65 shear-deficient
columns. For composite-jacketed columns, the devel oped software
was calibrated through a parametric study of two displacement
models and six different concrete confinement models. Subsequently, a
methodology for the seismic design of shear-deficient columns
upgraded with composite-material jackets was devised.
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INTRODUCTION

One of the major problems associated with seismic
performance of older reinforced concrete (RC) bridges is
brittle shear failure of squat columns. Such short and relatively
stiff members tend to attract a greater portion of the seismic
input to the bridge and require the generation of large
seismic shear forces to develop the moment capacity of
column section. Estimation of flexural strength based on
elastic methods, along with much less conservative shear
strength provisions during the 1950s and 1960s, frequently
resulted in the actual shear strength of as-built bridge
columns being less than the flexural capacity. Generally, the
transversereinforcing steel wasinadequately anchored inthe
cover concrete, which can be expected to spall off under
cyclic loading; therefore, the problem was compounded.
Hence, shear failureislikely in such columns, accompanied
not only by rapid strength, stiffness, and physical degradation,
but aso by poor energy disspation characterigtics. This has
been evidenced by brittle shear failure of bridge columnsin
past California earthquakes.

To upgrade bridge columns with insufficient shear rein-
forcement, several retrofit measures were developed by
researchers and practicing engineers. Composite materials
are recently recognized as reliable alternatives to steel jack-
eting. Advantages of compositeretrofit systemsincludelight
weight, high strength or stiffness-to-weight ratios, corrosion
resistance, and, in particular, ease of installation. Moreover,
composite-material jacketswill not affect the lateral stiffness
of columns, and hence will not ater bridge dynamic charac-
teristics. A fundamental objective of the current research is
to establish practical design criteria for columns retrofitted
by composite-material jackets. Theretrofit design philosophy of
squat bridge columnsis fully detailed in this paper.
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RESEARCH SIGNIFICANCE

Lack of shear reinforcement in older squat RC bridge
columns caused brittle shear failures during past earthquakes.
This research provides effective and economica procedures
for seismic retrofit and repair of shear-deficient columns.
Furthermore, utilization of new materials such as fiber
composites provides an insight into alternative materials for
various applicationsin civil engineering.

ANALYTICAL MODELING

To predict the performance of RC sguat columns, an
object-oriented computer code was devel oped. The program
isbased on moment-curvature analysis of the column section
with inclusion of concrete confinement models and shear
strength models. Itsmain purposeisto provide bridge engineers
with asimplified tool to assessthe capacity of squat columns
with an allowance to try different types of composite-jacket
retrofit. The program reads column data (dimensions, rein-
forcement details, concrete strength, yield stress of steel,
axial load, and mechanical properties of fiber-reinforced
polymer [FRP] jacket) via an input text file. Upon running
the program, it creates an output text file containing analysis
results such as moment-curvature calculations, load-
displacement envelopes, and shear strength envelopes.

In defining the constitutive properties, concrete is of key
concern. For as-built columns, concrete is considered
unconfined, and Mander's equations for unconfined
concrete! were used. For retrofitted columns, however, six
different confined concrete models were employed. Thef| rst
model was developed by Mander, Priestley, and Park;’
was successfully applied to both circular and rectangular
steel-jacketed columns. The second was proposed by
Samaan, Mirmiran, and Shahawy? specifically for circular
composite-jacketed columns. The third model developed by
Hosotani, Kawashima, and Hoshikuma, is applicable to
both circular and rectangular composite-jacketed col umns
The fourth moddl was suggested by Hoppel et al.* for
circular columns only. Toutanji® and Spoelstra and Monti,®
respectively, developed two other models limited to circular
FRP-jacketed columns. A modd of the stress-strain properties
of steel reinforcement was also incorporated into the code.
This model was divided into three magjor zones: a linear
portion up to yield point, ayield plateau region, and aparabolic
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Table 1—Experimental database for circular
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strain-hardening curve. Perfect bond was assumed between
longitudinal steel and the surrounding concrete.

The column analysis was handled by a laminar approach. CS-A8? | Double | 2 035 | 000307 | 4926 | 150
The moment-curvature relationship was determined by CSA92| single 2 0 0.00099 | 3104 1.30
equilibrium of interna axia fo_rce; on the column section csA109 single 5 0 000530 | 3200 250
through use of convergence criteria. To compute the top
lateral displacement of the column, two dlsplacement models CSAL®) singe | 2 0O | 000S80 | 2280 | 400
due to Kowalsky, Priestley, and Seible’ and Wehbe, Saiidi, CSA12%| single | 25 0 0.00580 | 2980 | 4.00
and Sanders® were used; shear deformation isincorporated in CsA13%| single | 2 0 000478 | 2950 | 1.40
both models. In addition, two sets of shear strength provisions A o
were employed; for the first set, concrete contribution to shear CSA14™] Snge | 2 O | 000872 | 3400 | 240
strength degrades as column displacement ductility mcrees&e CSA15%| Single | 15 0 | 000580 | 3900 | 130
Such an approach i IS used in the UCSD shear strength model CsA16%| Single 2 0 0.00434 | 2800 1.60
Caltrans model,’° UCB shear strength model,1 and CSA17® Single 5 020 | 001160 | 475.0 400
Architectural Institute of Japan (AlJ) seismic design
guidelines.’? The second set includes shear strength CSA18% singe | 2 020 | 01200 | 4500 | 4.00
provisions at which concrete contribution to shear CSA19%| Single 2 020 | 0.00580 | 404.0 2.50
strength does not depend on the disgl acement ductility, csA208 Single | 15 010 | 001160 | 5270 | 300

such as ACIl 318-95 prOV|S|ons Joint ACI-ASCE

. 23| ]
Committee 426 proposals,}* and ATC-32 provisions.® CSA2™) Single | 2 010 | 001160 | 4430 | 400
Full details of all modls, in addifion to the numerical CsA22% single | 2 0 | 000580 | 311.0 | 200
procedure, are reported elsewhere. CcSA23%| Singe | 2 0 | 000580 | 2300 | 4.00
CSA24%| Single | 2 010 | 000580 | 3790 | 150

~ MODEL CALIBRATION A <
Shear-deficient columns CSA25%| Single | 25 0.10 | 0.00580 | 3290 | 200
The computer code for the prediction of performance of CcsA26%| Single | 15 0.10 | 0.00580 | 507.0 1.40
shear-deficient columns was calibrated using a large csA273 single | 15 | 010 | 000434 | 4360 | 1.30

experimental database collected from the literature. The

. ) 23 q
database included columns tested under different parameters CSA287) Sngle | 175 | 018 | 000434 | 4870 | 150

such as displacement ductility factor p,,, column aspect CsA29% single | 2 0O 000434 | 258 | 110
raticf) M/VD, e)nd cglnldi;jons (si r/1fg|e or ((jjoublebendi gelg CSA30%| Single 2 0 0.00359 | 280.0 1.50
configurations), axial load ratio P/f} A,, and transverse st 7 <
ratio ps. The total population incl aded 47 circular and 18 CSASL™] Single 2 0 000899 | 3390 200
rectangular columns identified as having failure strongly CSA32% Single | 2 0 000718 | 3380 | 400
influenced by shear. Tests on circular columns were CS-A33% Single 2 039 | 0.00535 | 514.8 2.00
conducted by Haoquet a.;! Navalpakkam Verm% CsA342 single 5 0 000434 | 3201 105
Priestley, and Selble Pneﬂley, Seible, and Benzom .
Benzoni et a.;?! Ohtaki, Benzoni, and Priestley;?? Ang;%3 CSASST| Single | 2 O | 0006% | 3498 | 200
wong, Paulay, and Pr|estley,24 Xiao, Wu, and Martin;?® and CSA36% Single | 2 0 001160 | 3597 | 3.00
|W:|$1k7| ;(3 a. Pr'igﬁtanglﬂgr Sﬁg}p'es‘\]/vef e t&gtﬁ b}szar gun CSA37%| Sngle | 2 | 019 | 000580 | 4583 | 200
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Bett, Klingner, and Jle?/%\, 9 and Okamoto et al.%° Table 1 and CSA3S | Sngle | 2 019 | 001160 | 4985 | 300
2 show the parameters of the circular and rectangular CSA39*) singe | 2 039 | 000872 | 4256 | 3.00
columns, respectively. It should be noted that in the designation CSA40%| Single 2 039 | 001214 | 5457 4.0
of test samples, the Ietters_C and R denote circular and CsA41%| single 5 0 001160 | 339.9 200
rectangular columns, respectively, the letter S denotes shear ol
testing, and the letter A stands for as-built columns. CSA427| Snge | 2 O | 002252 | 3234 | 300
A statistical study was carried out on the experimental-to- CSA43*| sSingle | 2 | 019 | 001160 | 4784 | 300
theoretical (tested-to-predicted) shear strength ratio Vy, o /Viy th CSA44?| Sngle | 2 | 019 | 001317 | 4327 | 3.00
and the statistical parametersare displayed in Table 3. These csads? single 5 015 | 001160 | 5187 4.00
are the mean m to measure the center of distribution, ' ' ' '
maximum value, minimum value, standard deviation o, and CSA46%| Double | 15 | 006 | 000147 | 5800 | 250
coefficient of variation (COV) to measure the dispersion of CSA47%| Single | 1.77 0 0.00218 | 419.0 3.47
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Table 2—Experimental database for rectangular
shear-deficient columns

Table 3—Statistical analysis for all data of
shear-deficient columns

| Aspect| Axia |Transverse VN (Me-expMuth)

Sample | Bending | ratio |loadratio| stedl ratio |Vu-exp: Hau-exp Maxi- | Mini- | No. of [No, of shear
RSA1Y| Double | 2 007 | 000121 | 4057 | 0.80 CoV,| mum | mum | tested | failure
RSA2 | Doubl 5 005 000138 | 568 300 Model m c % | value | value [samples| predictions

— oube : : : : UcsD®  |1.0650.107|10.08| 1.261 | 0.794 | 65 65
RS-A3%" | Doubl 2 0.06 | 000138 | 627.2 1.30

N oube Calransl® |1.260]0.238|18.89| 1.846 | 0.808 | 65 65
RS-A4%" | Doubl 15 0.06 | 000138 | 7473 | 0.80

N oube ucBl  |1.090{0.140|12.88 1.465 | 0.790 | 65 61
RS-A5%8 | Doubl 15 0 0.00392 | 2446 | 250

oube A2 |1.139]0.221[19.37 1.769 | 0.843 | 65 59

RS-A6%| Double | 1.5 0.16 | 000392 | 3025 1.50 ACI 31805
RS-A7%8| Double | 1.5 0 0.00895 | 2802 | 3.00 approximate!3 |1-385| 0-331123.90] 2.520 | 0809 | 65 9

28 2
RS-A8%| Double | 15 0.15 | 0.00895 | 355.8 2.00 Agiiijg 14620375 |25.65| 2775 | 0.798 | 65 60
RS-A9%2| Double | 1.5 014 | 000575 | 360.3 2.00 ACIASCE 126
RSA10% Double | 15 | 018 | 000392 | 289.1 | 200 approximatel | -320|0292\22.16) 2.205 | 0788 | 65 49
RS-A11%8| Doubl 1. .14 00252 | 298. 1. -
s ouble 5 0 0.0025 98.0 © ACl ;Sgd%f% 1.304/0.264|20.26| 2.108 | 0.788 | 65 56
RS-A12%8 Double | 15 014 | 000084 | 3247 1.00 retn

15

RSA13%% Dowble | 15 | 010 | 000215 | 2001 | — ATC-327 |2074)0616|20.68) 3.711 | 0.837 | 65 65

RSA14% Single | 25 0
RS-A15%| Single | 35
RS-A16%| Single 2
RS-A17%| Single | 35
RS-A18%| Single 2

0.00310 121.6 —

0.00111 | 2375 3.28
0.00111 | 3834 1.87
0.00111 | 2415 3.64
0.00111 | 419.0 1.66

oO|Oo|O |Oo

distribution. It is concluded that the UCSD model providesa
much better correlation with the experimental datathan all of
the other models. This model has a mean value of tested-to-
predicted shear strength of 1.065, with the least scatter as
indicated in its COV of 10.08%. For other shear models, the
mean and COV are less accurate, particularly the ATC-32
approach that has a mean value of tested-to-predicted shear
strength of 2.074 and a COV of 29.68%. Table 4 displays
statistical lower bounds of the ratio of tested-to-predicted
shear strength in terms of m - o, m - 26, and m - 3o.
These, respectively, provide 84.13, 97.72, and 99.87%
probabilities that the indicated values are exceeded. The m -
2c value is higher for the UCSD model than for the other
approaches despite the much lower mean value; this
implies lower probability of severe overprediction of shear
strength in extreme cases.

Due to its brittle nature, shear is regarded as a mode of
failure that should be avoided in RC bridge column design.
Therefore, the proposed design knockdown factor for shear
strength calculations is based on statistical lower bounds of
the ratio of tested-to-predicted shear strength in the terms
of m-2c. Accordingly from Table 4, applying a 0.85 factor
to the shear strength predicted by the UCSD model provides
a reasonable design value for the shear strength. Such a
decreasein the strength predicted by the UCSD model would
result in a design approach that till has a lower mean
strength ratio than other design equations given by Caltrans 1°
ACI 318-95,13 Joint ACI-ASCE Committee 426, and
ATC-32% (and would hence be more economical), while
providing abetter protection against shear failure for thelow
end of the experimental database.

Composite-jacketed columns

In addition to as-built shear-deficient columns, the developed
computer code was employed to evaluate the seismic
performance of sguat composite-jacketed columns. An
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Table 4—Statistical lower bounds for all data of
shear-deficient columns

(Vu—exp Nyth)
Model m-o | mM-2c | m—3c |Designvaue
ucsp® 0.958 | 0.850 | 0.743 0.85
Caltrans'® 1.022 | 0.784 | 0546 —
ucs! 0.950 | 0.809 | 0.669 —
AlJt? 0918 | 0.698 | 0.477 —

ACI 318-95 approximate® | 1.054 | 0.723 | 0.392 —
ACI 318-95 refined!® 1087 | 0712 | 0.337 —
ACI-ASCE 426 approximate®¥| 1.027 | 0.735 | 0.443 —
ACI-ASCE 426 refined!* | 1.040 | 0.776 | 0511 —
ATC-3215 1458 | 0843 | 0.227 —

experimental database of circular and rectangular composite-
jacketed columns was collected from the literature, and the
properties of these samples are listed in Table 5 and 6.
Further to aforementioned definitions, the letters R and P
stand for retrofitted and repaired columns, respectively.
Tests on circular composite-jacketed columns were carried
out by Haroun et al.;1’ Ohtaki, Benzoni, and Priestley;??
Seibleet al.;3! and Gallagher.3 The database for rectangular
composite-jacketed columns, however, was only from tests
by Haroun et al.1’

For circular columns, ratios of experimental-to-theoretical
maximum lateral load V\,g/Vy.th, Ultimate displacement
Ay-exp/ Au-th, and ultimate ductility payexg/Hau-th Were calcu-
lated for the different displacement and confinement models.
It is concluded that best fit to the experimental data was
provided by Wehbe's model for displacement calculation
along with Hosotani, Kawashima, and Hoshikuma’'s model
for FRP-confined concrete. This is further demonstrated by
comparing these values for Sample CS-R1 as shown in
Fig. 1. Based on the best-fit models, theoretical load-
displacement curves were generated and compared with the
experimental results as displayed in Fig. 2(a) and (b) for
Samples CS-R1 and CS-P2, respectively.

As stated previously, Mander, Priestley, and Park’s and
Hosotani, Kawashima, and Hoshikuma's confinement
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Table 5—Details and dimensions of squat composite-jacketed columns

Column Column Axial Concrete

Sample height, m Bending dimensions, mm |load, kN | cover, mm Main steel

CsR1Y7 244 Double D =610 645 25 (dy :ZggNnﬂ’h% 540
csR2Y 2.44 Double D =610 645 25 | (4 ~10mm G40
CSR3Y 2.44 Double D =610 645 2% | (4230 mm G60
CcsRaY? 2.44 Double D =610 645 25 | (4 ~10mm G60
CsR53! 1.83 Double D =610 1779 38 (& =1§’9Nrgh?) 540
CF-P1Y7 2.44 Double D =610 645 25 | (4 ~10mm G60
Ccs-p?2 366 single D = 1829 00 64 | (4, 2 4dmm 660
Cs-Pa? 244 Double D =610 592 19| (g, <19 ) G6O
RS-R1Y7 244 Double 457x 610 676 25 (& :289’\‘”%3 40
Rs-R2L7 2.44 Double 457% 610 676 25 (dy :2?9Nrg.me) 40
RSR3! 2.44 Double 457 x 610 676 2% | (4 ~10mm G40
RS-R47 2.44 Double 457 % 610 676 25 (y :25)9Nn2h16) 40
RSR5Y7 2.44 Double 457 x 610 676 2% | (4, ~10mm G40
RSR6L 2.44 Double 457X 610 676 25| (dy 229 mm G40

“Measured to main steel.

Notes: dy, = diameter of longitudinal bar; G40 = Grade 40 steel (nominal yield strength = 276 MPa); and G60 = Grade 60
steel (nomind yield strength = 414 MPa).

Table 6—Material properties of squat composite-jacketed columns

Concrete | Yield stress Composite jacket properties
Test | strength, | of main Thicknesswithin plastic Tensile Tensile
sample| MPa | steel, MPa Type hinge zone, mm strength, MPa| modulus, GPa
CSR1| 408 299.1 Carbon/epoxy 0.7 4168 231.5
CSR2| 392 299.1 Carbon/epoxy 0.7 4430 230.1
CSR3| 342 480.7 E-glass/epoxy 10.3 424 185
CSR4| 376 480.7 Carbon/epoxy 12 1245 103.8
CSR5| 371 292.8 Carbon/epoxy 4.3 1391.8 1116
CSP1| 357 480.7 Carbon/epoxy 23 1245 103.8
CSP2| 296 508.5 E-glass/epoxy 9.8 425.1 234
CSP3| 393 485.7 Carbon/epoxy 41 1274.7 1151
RS-R1| 381 299.1 Carbon/epoxy 1.0 4382 226.0
RSR2| 393 299.1 Carbon/epoxy 10 4430 230.1
RSR3| 44.0 299.1 Carbon/epoxy 10 4168 231.5
RSR4| 440 299.1 E-glass/vinylester 7.6 744 36.5
RSR5| 44.0 299.1 Carbon/epoxy 5.2 937 63.0
RSR6| 426 299.1 E-glass/polyester 7.6 641 36.4

and further validated in Fig. 4(a) and (b) for Samples RS-R5

models are the only models applicable to rectangular
columns. A similar parametric study was conducted for
rectangular retrofitted samples and showed that Kowalsky,
Priestley, and Seible’'s displacement model along with
Hosotani, Kawashima, and Hoshikuma's model for FRP-
confined concrete provide the best fit to the experimental
results. This is demonstrated in Fig. 3 for Sample RS-R2,
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and RS-R6, respectively.

In addition to performance prediction, a statistical study
was carried out on Vy,_exp/Vi.th and pay-exp/Hau-th ratios for
composite-jacketed columns. Because the experimental
lateral force-displacement relationship for circular repaired
columnsis essentially the same as that for the corresponding
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Fig. 1—Experimental and theoretical comparison of flexural
response of Sample CS-R1.
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Fig. 2—Comparison between load-displacement envelopes
for circular fiber-reinforced polymer-jacketed columns.

retrofitted undamaged columns, both retrofitted and repaired
circular samples were included in the statistical study.
Samples CS-R3 and CS-P1 were excluded from the dtatistical
analysis because they were not confirmed to reach failurein
thetest. Therefore, the statistical analysisof circular jacketed
columns was based on six samples (CS-R1, CS-R2, CS-R4,
CS-R5, CS-P2, and CS-P3), whereas Samples RS-R1 to
RS-R6 were used in the statistical study of rectangular jacketed
columns. Statistical parameters of Vi, op/Vith ad payep/Mauth
ratiosarelistedin Table 7. These values are based on Wehbe,
Saiidi, and Sanders displacement model for circular
columns and Kowalsky, Priestley, and Seible’ s displacement
model for rectangular columns. Hosotani, Kawashima, and
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Fig. 3—Experimental and theoretical comparison of flexural
response of Sample RS-R2.
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Fig. 4—Comparison between |oad-displacement envelopes
for rectangular fiber-reinforced polymer-jacketed columns.

Hoshikuma s model for FRP-confined concrete provided the
best fit to the data of all FRP-jacketed columns.

RETROFIT DESIGN FACTORS

In seismic retrofit of squat bridge columns, selection of
design factors should be based on careful understanding of
the adopted design methodology. To integrate safety factors
in the retrofit approach, the predicted ultimate displacement
ductility for the retrofitted bridge column should be first
reduced and then compared with the demand value. Thisis
accomplished by a knockdown coefficient based on Setistical
lower boundsfor the py.exp/Hau-th ratio. The case of seismic
retrofit of bridge columnsis very different from gravity load
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Table 7—Statistical analysis for squat composite-jacketed columns

(Vu-exp NMun) (HAu—e(p/ Hau-th)
Column section Confinement model m c Maximum value| Minimum value m c Maximum value| Minimum value
Mander, Priestley, and Park® | 0.950 | 0.069 1.075 0.893 0752 | 0.081 0.897 0672
samaa”ﬁq';"ﬁéwzan' and 0964 | 0.107 1172 0875 0467 | 0.076 0565 0376
Gircular Hmtaﬂ: ;);"i"l’("f;?a and | 4 059 | 0055 1.162 1011 1.119 | 0.095 1.044 1.024
Hoppel et al.4 0996 | 0.120 1222 0.889 0433 | 0.124 0588 0277
Toutanji® 0.965 | 0.092 1.146 0.901 0610 | 0.103 0.776 0.458
Spoelstraand Monti® 0945 | 0.105 1153 0.868 0435 | 0.042 0.505 0.383
Mander, Priestley, and Park! | 0.862 | 0.015 0.881 0.848 0519 | 0.049 0.565 0.424
Rectangular i i
Howtaﬂ 5&?3?11&5"& ad | 934 | 0013 0.951 0.920 0.754 | 0.070 0.846 0.661

design. Inthelatter, it isessential that an adequate margin be
maintained between strength and applied loads to avoid
failure, whereas in the former, having a wide margin
between ductility demand and capacity is not that necessary.
Therefore, the knockdown factor for the ultimate displacement
ductility was based on statistical lower bounds for the
HAu-exp/HAu-th Fatio in terms of minimum value and m - o,
rather than m— 2¢ that was used in case of design for shear
strength. Once the composite jacket for the plastic hinge
zones is designed for a ductility capacity-demand ratio
greater than 1.0, the retrofitted column should be protected
against unfavorable brittle modes such as diagona shear
failure within and outside the plastic hinge zones and shear-
friction failure a the column base. To achieve this protection,
the demand lateral load should correspond to maximum
feasible extreme estimates of flexural strength developing at
the plastic hinge after column retrofit. Accordingly, the
retrofit design factor for maximum lateral load should be
based on stetistical upper bounds for the V,, gq/Vi,1h ratio in
terms of maximum valueand m + c.

Statistical lower and upper bounds of V, g/Vy.tn and
Hau-exp/Mau-th ratios are listed in Table 8, along with
recommended retrofit design factors. Because of the limited
number of test data of squat composite-jacketed columns
under lateral cyclic loading, the statistical analysis was only
based on six circular and six rectangular columns. This
population size is small, and therefore, the derived retrofit
design factors should be considered as guidelines only and
are possibly subject to further refinement withthe availability of
alarger experimental database.

MATERIAL PROPERTIES FOR
SEISMIC RETROFIT DESIGN
Concrete strength
The most probable concrete strength should be based,
wherever possible, on compression tests of representative
concrete cores taken from the bridge under consideration
(Priestley, Seible, and Cdvi33). When testing is not feasible
however, the expected concrete strength may be obtained from3é

fée = L.5fpg > 34.45 MPa (5000 psi) 1)

where f((5g) is the specified 28-day concrete strength. The
lower limit in this equation is proposed as supported by
inspection of many old bridgesin California.
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Table 8—Statistical lower and upper bounds for
squat composite-jacketed columns

Circular columns Rectangular columns
(Vu—exp Nyan) (HAu—e(p/ HAu-th) (Vu-®<p Nutn) (HAu-ap/ Hau-th)
m-o 1.00 1.02 0.92 0.68
Minimum
value 1.01 1.02 0.92 0.66
m+oc 111 121 0.95 0.82
Maximum
value 1.16 124 0.95 0.85
Design
value 115 1.00 0.95 0.65

Steel reinforcement

The strength of steel reinforcement (Priestley, Seible, and
Calvi®®) should, where possible, be determined from mill
certificates or from representative samples taken from the
bridge. In caseswheretesting is not feasible and mill certificates
are not available, the expected yield stress of reinforcing steel
fe May be obtained from

2

_ {336.2 MPa (48.8 ksi) for Grade 40 stee!
ye T

489.2 MPa (71.0 ksi) for Grade 60 steel

Fiber-reinforced polymer systems

To specify design properties for FRP systems, the average
properties are first determined from the manufacturer
(supplier). The tensile strength and strain at rupture are
required interms of mean values (f, and g;,,, respectively) and
a standard deviation . Whenever possible, environmental
reduction factors for tensile modulus, tensile strength,
and strain at rupture should be determined from environ-
mental durability tests. The design properties of the FRP
system are then determined according to the following
proposed procedure:

Sress-strain method—The guaranteed material properties
arefirst attained from

*

fiu =fu—3cande, =&,—30 €)

It should be noted that the properties calculated in Eq. (3)
provide a 99.87% probability that the indicated values are
exceeded. Thereafter, the design properties are given by

ACI Structural Journal/July-August 2005



fiudesign) = Cerfiu and &y(design) = Cecsju 4

f
u(design < CEME (5)
Ju(deS|gn)

E(design) =

where E; is the tensile modulus of the FRP system (from the
manufacturer) and Cgf, Cg,, and Cgy, are environmental
reduction factors for tensile strength, ultimate strain, and
tensile modulus, respectively. If Eq. (5) is not satisfied, the
stress-modulus method should be employed.

Sress-modulus method—The design properties are
computed from

Ju(desgn) - CEME andf ju(design) — =Cgr fju (6)
f; (design)

€ju(design) = Eu —— <CE58fu (7)
j(design)

If Eq. (7) isnot verified, the strain-modulus method should
be used.
Srain-modulus method—T he design properties are given by

Ej(design) = CemE; and &jydesign) = Ce: &ju 8

fiu(design) = Ej(design)Eju(design) < Cer fiu ©
In this method, Eqg. (9) has to be verified.

RETROFIT DESIGN METHODOLOGY

The following procedures are recommended for seismic
retrofit of circular and rectangular squat shear-deficient
columns using FRP jackets. The retrofit methodology is
divided into five major steps. The first step determines the
material properties as stated previously, whereas the second
assesses the seismic performance of existing column. In the
third step, an FRP jacket for plastic hinge confinement is
designed. The fourth step includes design of a composite
jacket for shear strength enhancement within and outside the
plastic hinge regions. The final step checks jacket design to
avoid high diagonal compression stresslevelsin the jacketed
column and to prevent shear-friction failure at column base.
These steps, from 2 to 5, are summarized as follows.

Seismic assessment of existing columns

A developed computer code is employed to analyze an
exising bridge column. The horizontal force-displacement
response is generated where the shear strength of an existing
column is calculated using the UCSD design model.
Accordingly, the ultimate ductility capacity of the column is
computed and compared with the ductility demand estimated
from advanced structurd anaysis such as the finite element
method or ductility requirement of current design guidelines. If
the calculated ductility capacity exceeds the demand ductility,
then no retrofit is needed. Otherwise, the following retrofit
design procedure should be carried out. Full details of the
seismic assessment procedure are reported elsewhere.1

Confinement for flexural ductility enhancement
The region of the column over which enhanced confinement
should extend is designated as the plastic end region. It
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Fig. 5—Extent of fiber-reinforced polymer jacket required
for plastic hinge confinement when P/fee Ag <0.3 (increase
by 50% when P/fce Ag > 0.3).

depends on the axial load ratio and the length of the column
subjected to inelastic action. For RC bridge columns,
different codes and researchers estimated the plagtic end region.
In this study the criteria developed by Priestley, Seible, and
Calvi®® are followed. For axial load ratios PIfj A, < 0.3, the
plastic end region shall bethe greater of the sectiondimensionin
the direction considered and of the region over which the
moment exceeds 75% of the maximum moment. For axial
load ratios P/fie Ay > 0.3, the plastic end region defined
previously should be mcreased by 50%. In addition,
Priestley, Seible, and Calvi® suggested subdividing the
plastic end regioninto two different zonesasshowninFig. 5for
columns in single and double bending. These zones are
Confinement Zone 1 at which full jacket thickness for
confinement tj conf), is required, and Confinement Zone 2 at
which jacket t ickness, for confinement, could be reduced
by 50%. For erxural ductility enhancement, the required

ductility capacity pR} A(capacity) IS

R — Had d)
HA(capacity) ~ 2 (;man (10)
n

where p, demand) IS the demand ductility and ¢, isthe ductility
knockdown factor obtained previously in Table 8. The
maximum required displacement is then determined from
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Ay= Hi(capacity) Ay (11)

where A, = idealized yield displacement for the existing
column. 'If the plastic hinge is assumed centered at the
bottom of the column to account for strain penetration into
the footing, the required plastic displacement can be
alternatively expressed by

Ap=Ay—Ayand Ay =0l = Ol (12)
= (@~ ®y)Lpke

where ®,, = idedlized yield curvature; L, = clear column
height; and L, = plastic hinge length of jacketed column
given by33

L= g+ 0.44f .dp  (fye inMPe d, inmm)
P |g+03f,dy (feinksi;dy ininches)

(13)

where g is the gap between the jacket and the supporting
member, and dy, is the diameter of the longitudinal bar. The
required ultimate curvature is then obtained from

b, =

u

A
+ O, (14)
LoLe
The neutral axis depth at ultimate response of the retro-
fitted column is calculated from

Curet) = KrCu(existing) (15

where k. is a reduction factor estimated, for circular
columns, from

P

’
g 'ce

k = 10.85for 0.15< —— < 0.30 (16)

g'ce
P
A, f!

g 'ce

0.90 for 0 < <0.15

0.80 for 0.30 <

All values of k, for rectangular columns are smaller than
those given in Eqg. (16) by 0.05. The maximum required
compression strain isthen given by

&cu = PuCy(rer) (17)

Therequired volumetric ratio of jacket confinement p; and
the required jacket thickness for confinement of plastic end
region tjoq) are given by the following equations that are
based on Hosotani, Kawashima, and Hoshikuma's confine-
ment model®

For circular columns—(of diameter D)

4/3

_ 21.15f¢, (g, —0.00383) _ Dp;
p = ce &y — and ticreq) = Tl (18)
fju(design)‘gju(design)
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For rectangular columns—(of cross section dimensions b
and h)

_28.91f, (g, —0.00340)"°

j f 2/3
ju(desi gn)gj u(design)

and (19)

t. = M_
j(req) 2(b+h)

The reguired number of layers is obtained by dividing the
required thickness by the thickness per layer. This number
should be rounded up, and a revised jacket thickness for flex-
ural ductility enhancement tj .oy is determined. The displace-
ment ductility capacity B R(capacity) ©Of the retrofitted
column is then evaluated by the computer code, and
further reduced via

Red _ calc
HA(capacity) = Ha(capacity)®Pp (20)

to obtain the dependable ductility capacity that is compared
with the ductility demand. If the design needs to be revised,
the immediate previous steps are repeated assuming

) — Ha(demand) ;.
t](req) Red tJ(conf)

uA(capacity)

(21)

Retrofit design for shear strength enhancement

The concrete contribution to shear strength V. is different
within and outside the plastic end region. Thisisconsidered in
the UCSD shear strength model because the concrete shear
strength is reduced with increased column ductility. As
evidenced from experimenta tests on shear-deficient
columns, inclined shear cracking is anticipated at angles close
to 30 degrees to the column axis, and therefore, shear cracks
can be expected to extend amost twice the member depth
from the critical section. Consequently, the region over which
the reduced V, component applies should be taken as 2D or 2h
from the critical section for circular and rectangular columns,
respectively. Within this region, a thicker jacket will be
needed for shear enhancement than in regionsfarther from the
critical section where full concrete capacity (for py, < 1) may
be assumed. It should be emphasized that jacket thicknesses
calculated for shear enhancement need not be added to those
required for confinement because resisting actions occur
at 90 degrees to each other. Jacket configuration for shear
enhancement isillustrated in Fig. 6.

For shear strength enhancement, the maximum feasible
shear force of jacketed columnis

VO=o\Vyih (22)

where @, isaretrofit design factor for maximum lateral load
as listed in Table 8 and V4, is the maximum calculated
lateral load for the retrofitted column. The demand shear
forceis

Vo
Vdemand = ¢T (23)
s
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Fig. 6—Extent of fiber-reinforced polymer jacket required
for shear strength enhancement.

where ¢5 = 0.85 is the strength reduction factor recom-
mended by ACI 318-95'2 for shear. The three components
for shear resisting mechanism (V, V,, and Vy) are now
obtained, and the shear strength capamty of the unretrofitted
column is determined from

Viha = 0sn(Ve + Vs + Vp) (24

where o4, is the proposed design reduction factor for the
UCSD shear model, taken equal to 0.85, as derived previ-
oudy in this paper. The jacket thickness required for shear
enhancement within the plastic end zone is estimated from

For circular columns,

[ _ 159

Gicsny) =

v, ~Vna)  (25)
Ej(design)(D—Cu(ret)) demand na

and for rectangular columns

125
Ej(design)(h - Cu(ret))

ti

j(shy = (Vdemand = Vna) (26)

Computation of jacket thickness outside the plastic end
region t(sh) follows this same procedure except that full
concrete capacity appropriate for a<1 is employed. It is
imperative to note that within the primary confinement zone,
frnal Jacket design will be the more stringent of tjconr) and

; however, in the secondary confinement zone thefina
Jacket design will be the greater of 0.5tjconr) and t! i(sh)-
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Limitations of jacket thickness

The designed jacket thickness determined so far should be
limited to an upper bound for two reasons: 1) to avoid high
shear stresses due to large lateral forces attracted by the
retrofitted column during the seismic event; and 2) to avoid
shear-friction failure at the base of the column.

The web reinforcement for shear strength enhancement
cannot be increased indefinitely. In case of members with
excessive shear reinforcement, shear failure may be brought
about by web crushing caused by diagonal compression.
Therefore, thereis a need to limit diagonal concrete stresses
to avalue well below its crushing strength, that is, the shear
stresslevel islimited to 0.2’ . Thisis assured when

Vdemand

V% ,
A = TS < 0.2fce (27)

e e

where A, is the effective shear area of the column taken
asA., =038

To prohibit shear-friction failure at the base of seismically
retrofitted columns, the following inequdlity should be verified

VO
Vdemand === VSF (28)
s
According to Valluvan, Kreger, and Ji rsa,3° the shear-
friction capacity Vg can be computed from

For P/A, < 5.5 MPa (800 psi)

0.25f(, Aq
Vee = n(P +Asf0) g{ , (29
5500A (in kN where Agisinm®)

and for P/Aq > 5.5 MPa (800 psi)

0.6f5e Aq
Vg =pP S{ 5 (30)
14,450A, (in kN where Ay isinm®)

where p = coefficient of friction; P = column axial load;
As = area of longitudinal steel of the column; and fye =
expected yield stress of longitudinal steel.

CONCLUSIONS

Based on a statistical analysis of experimental test data of
65 as-built circular and rectangular shear-deficient columns,
it was concluded that the UCSD shear strength model
provides the best correlation with al experimental data
Applying a reduction factor of 0.85 to the shear strength
predicted by this model yields the appropriate design value.
As for squat FRP-jacketed columns, the prediction of the
seismic performance was shown to be most accurate when
Wehbe's model for displacement calculation was used for
circular columns and Kowalsky, Priestley and Seible’'s
model was used for rectangular columns. Hosotani,
Kawashima, and Hoshikuma's FRP-confined concrete
model was proven as the most accurate for both circular and
rectangular FRP-jacketed columns.
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A systematic seismic retrofit methodology is further
proposed based on a statistical analysis carried out on exper-
imental database of squat FRP-jacketed columns. Because of
the limited number of experimental data of such columns
under lateral cyclic loading, however, the derived retrofit
design factors should be recognized as guidelines only and
may possibly be subject to refinement in the future with the
availability of a larger database. It is aso noted that the
proposed retrofit design criteria are not limited to bridge
columns and may be applied to RC building columnsaswell.

NOTATION
Ae = effective shear area of column section
A = grossareaof column section
Aq = total areaof main steel in column section
b = width of rectangular section
D = diameter of circular column
fée = expected (most probable) concrete strength
fiu = tensile strength of fiber-reinforced polymer jacket
tJye = expected yield stress of reinforcing steel
h = depth of rectangular section
Lc = clear column height
L1 = length of primary confinement zone
Leo = length of secondary confinement zone
Lp = length of plastic hinge
Ly = length of shear zone within hinge region
LY = length of shear zone outside hinge region
P = axia force
ticony =  thickness of fiber-reinforced polymer jacket within primary
i confinement zone
t! ish) = thickness of fiber-reinforced polymer jacket for shear
enhancement within plastic end region
t(j () = thickness of fiber-reinforced polymer jacket for shear
enhancement outside plastic end region
Vgemand =  demand shear force
Vg = shear-friction capacity at column base
Vo = maximum feasible shear force of jacketed column
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