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Seismic Strengthening of Circular Bridge Pier

Models with Fiber Composites

by H. Saadatmanesh, M. R. Ehsani, and Lirin Jin

An experimental investiyation weays conducted to study the seismie bebhavior
of reinforrced comerete colwmns Steengtiened with fiber retnforced plastic
[FRFP) eomposite straps. Five concrele column-footing assemblages were
constrieied with a 'Yo-dimensional scale fuctor The unidicectional gluss
Subrie strups were impregrated with polvester vesin and wrapped arounid
thre potential plastic kinge zone of the colimns, An epoxy layer wes applivd
e the strops witile wrapping for interluminar bond. All specirens were
tested under fnelustic reversal Inading while simultaneously subjected to
cemstant wxial foad. Tasr resuite show tho seismic resiviance of relrfi con-
vrete columas fmproves significontly ox o resull of the confining aciton of
the FRE composite straps, The seraps are Righly effective in confining the
cowre conerete peed preevedding the Toagitudinal relnforcement bars from
Buckling weder evelie loading.

Keywords: hridges: columns; condinement; ductility: liber ceinlomeed plas-
tics (FRPY: fiber composites: seismic behavioe seismic sirengthening.

INTRODUCTION

The recent carthquakes in Califomia and Japan have
cawsed extensive damape to highway bridge stroctures, Fail-
ure of these structures exposed a number of structural deficien-
vies in many bridges and buildings constructed before the
new seismic design codes were in place.! [n particular, it has
been demonsirated thal concrete columns with inadequate
lateral reinforcement contributed to the catastrophic collapse
of many bridges. The poor detaling of the starter bars in these
columns compounded the problem of seismic deficiency. The
moments and lateral forees induced by seismic loads result in
large shear forces in bridge columns, which are resisted main-
Iy through lateral tizs or spirals around the main reinforee-
ment. The lateral reinforcement, if properly detailed and
anchored, can also prevent sudden loss of bond and buckling
of the longitudinal bars. Therefore, in colomns with inade-
guate lateral reinforcement, it is imperative to provide addi-
tional extermal conlinement to insure ductile behavior,

Many techniques that have been implemented into the retrotil
design process have been based mainly on experimental 1est-
ing of scaled-down models of bridge structures. Previows
rescarch’? has indicated that closely spaced transverse rein-
forcement in the potential plastic hinge zone of bridge

columns increases ultimate compression strength and strain
of the concrete core. Recent tests conducted at the University
of California at San Diego* " have shown that strengthening
bridge columns with steel jackets or with fiberglassiepoxy
jackets sigoificantly improves the flexural and shear
strenpths and increases the ductility of the column,

The primary objective of this paper is to present the results
of an investigation on circular columns retrofit with FRP
composite straps. Scaled-dewn concrete columns  were
wrapped with high- performance FRP composite straps and
then tested under reversing inclastic load cycles. Glass fibers
in the FRP composite straps were unidirectionally arranged
and impregnated with polyester resin. A layer of epoxy was
then brushed on the steap for interlaminar bond. while the
strap was being wrapped around the column, The major de-
sign parameters in this study were the anchorage details of
the column longitudinal steel and the retrofit scheme, 1.e.,
providing passive or active confinement for the column.

RESEARCH SIGNIFICANCE

Many bridge failures during the recent earthgquakes were
caused by poor performance of concrete columns, primanly
due to inadequate lateral reinforcement and insufficient lap
length ol the starter bars. The research presented in this pa-
per provides an effective and economical alternative For seis-
mic retrofitting of this type of substandard concrete columns.
Furthermore, the results presented in this paper will provide
an insight into new materials, such as fiber composites, for
retrofitting and reinforcing of concrete struciures.

SEISMIC RETROFITTING OF RC COLUMNS WITH
FRP COMPOSITE STRAFS
The use of composite materials in the construclion ndus-

try and infrastructure-related applications has sigmficantly
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increased in recent years; the majority of these applications
have heen in cormosive envirenments to take advantage of the
corrosion Tesistance of composites.® Fiber reinforced com-
posites have long been recognized for their high-strength,
good fatigue life. light weight, ease of transportation and
harndling, and low maintenance costs.

Fiber composites, in general, are constructed of filaments
such as glass, kevlar, carbon, etc., embedded in a resin ma-
trix. The fibers are the primary load-carrying clements within
the composite, The matrix binds the fibers together and
transters loads betwesn them. 1t also protects the fibers from
cnvironmental attack and damage due 1o handling. The
libers have a strong influence on mechanical properties of
the composite, such ag strepgth, clastic modulus, and defor-
mation propertics.

Glass fibers are the most common of alt reinforcing fibers
for Tesin-matrix composites. The principal advantages of
glass fibers arc the low cost and high steength. Fiberglass

fabrics are onc of the vanous forms of plass fibers that are
commercially available and are very versatile for seismic
retrofit applications, The thers could all be oriented i one
direction (unidirectionaly, or different amounts of fibers
could be oriented in different directions to achieve an opli-
mwim structural performance in a desired direction. Ier the
confinement of columns in this study, unidirectional tapes of
E-plass were manufactured in the laboratory. These tapes
were wrapped in multiple layers around the columnn to form
external hoops for improved confinement. Fig. | shows an
cxisting concrete bridge column wrapped with compasite
strapy in the potemtial plastic binge region.

Buth active and passive retrofit methods were tested in the
laboratory 1o show the effectiveness of different retrofit
schemes for enhancing the shear and Mexural behaviors. For
the passive retrofit scheme, the composite straps with fiber
onentation in the circumlerential direction were directly
wrapped onto the column in the region of the reinforcement
lap splices and/or the potential plastic hinge zone, as shown
in Fig. 2{a). In this case, as the concrete expands outwand,
wnsile stresses are gradually developed in the composite
straps that will resist this expansion; thus, the system Is Te-
ferred to as passive confinement. For the active retrofit
scheme, the composite straps were slightly oversized for the
column and the resulting gap between the column and the
straps was initially injected with pressurized epoxy resin, as
shown in Fig. 2(b). Spacers were provided hetween the col-
umn and the straps 1o maintain a uniform gap. This retrofit
scheme induces initial tensile stresses in the straps. As a re-
sult, an active pressure is created around the column. This
pressure reduces the amount of radial dilation and cracking
of the core concrete.

EXPERIMENTAL PROGRAM
Tast specimens

Test resulis Tor [ve scaled-down, circular reinforced con-
crete bridge column footing asscmblages are reported in this
paper. Test specimens were designed to approximately model
typical pre-1971 design of existing highway bridge columns
in 1 zone of high scismic risk. Each specimen consisted of &
single column bent with strong tooting details, as shown in
Fig. 3. The compasite strap was applied only in the potential
plastic hinge region, ie., in the 635-mm-(25-n)-long
portion of the column above the top face of the footing. Fig, 4
shows a typical column specimen wrapped with the compos-
ite straps in the plastic hinge region privr (o the beginning of
the Lest.

Materials used in the construction of the column speci-
mens included concrete with £ = 34.5 MP'a (5000 psi) and
Girade 40 steel. Although the specific concrele compression
strength for the prototype bridge column was 21 MPa
{3000 psi), ready-mixed concrete providing f,” = 34.5 MPa
(5000 psi) was used w include the cffect ol expected over-
strength resulting from normal conservative mix design and
strength gain with concrete aging. The actual COmpression
strength of the concrete tor each specimen is given in Table 1.

The diameter of the columns was 305 mm (12 in.) These
columns were reinforced longitudinally with 14 No. 4 bars
[diameter = 13 mm {'/; in.}]. resulting in a longitudinal
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Fig. 3—Gemmeiric details of column specimens

reinforcement ratio of 248 percent. The measured yiekd
strength for these bars was 358 MPa (53 ksi). Transverse
confinement was provided by 9-gage steel wire [diameter =
3.5 mm (0.135 in.)| hoops spaced at 8% mm (3.5 in.) on cen-
ter throughout the entire height of the calumn. The average
yicld stess tor these wires was 301 MPa (43.7 ksi). The only
difference among specimens was 1in the detail ol anchorage
of column longitudinal steel reinforcement and the type of
confinement, i.e., passive or active {Table 1). For Specimens
C-1. C-2, and C-3, the longitudinal reinforcement of the col-
umn was extended inte the footing using starter bars that
were lapped with the main longitudinal reinfercement of the
column over a length of 20 bar diameters, i.¢., 254 mm
(10 ). Colurmms C-2 and C-3 were strengthened using the
passive and active retroflit scheme, respectively. For Speci-
mens (-4 and -5, the column reinfercement extended inlo
the footing and was anchored with a standard 90-deg hook.
Column C-4 was used as the control specimen, while Col-
umn C-5 was retrofit with the passive scheme.

The compaosite straps construcied for this project were
O.8-mm-(0.03 0. )-1hick and had 2 tensile strength and med-
ulus of elasticily of 532 and 18.6 GPa (77 and 2700 ksi), re-
spectively. The siress-strain relationship of the composite
strap was linear-elastic to failure. For both active and pas-
sive retrofit schernes, the columns were wrapped with six
layers of FRP composite straps, resulnng in a total thickoess
ol 5 mm (0.2 in.} within the potential plastic hinge zone of
the column, i1.e., from the top of the feoting to 635 mm (25 )
ahove jt. As the strap was wrapped around the column, an
epoxy was applied Lo its surface and the multiple layers of
the strap were adhered together to form a single composite

Fig. 4-- Column wrapped with composite straps in plastic
hinge region

Table 1—Details of ¢column specimens
R “ﬁ;'l_t:asurud B

concrele Lomgitudinal
Specimen |strength. MPa Type ste| deail Retrofit
C-1 5.5 Conral Startar hars Mnne
-2 3 Retrofit 1 Starter hars Passive
-3 RS Retrofit 2 Starter hars Aclive
-4 R Canirol Contineous hars Nonc
-3 6.5 Retrofit | | Continuous bars | Passive

wrap with the desired thickness. The cpoxy was selected to
insure thar the multiple layvers of the straps acted as one unit
with no interlaminar slipage.

Test setup and instrumentation
The test setup was designed tor 1esting column-footing as-

scmblages subjected to combined axial and lateral loadings.
The specimens were tested in & steel reaction frame, as
shown in Fig. 5. Two independent loading systems were
used to apply the load to the specimens. First, the axial load
of 445 kN (100 kips) was applied 1o the column by prestress-
ing a pair of 25-mm-( 1-in.)-diameter high-strength steel rods
against the base beams of the test frame, which was bolted 1o
the 915-mm-(3-ft)-thick concrete floor. This load was ap-
plied to simutate the dead load on the columns. Next, the re-
versing lateral forces were applied to the column by un MTS
+ 489 kN (£ 110 kips) hydrawlic actuator mounted on the re-
action frame. The actuator was capable ol moving the 1op of
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the specimen 127 mm (5 in.). in both positive and negative
directions. A displacentent of 127 mm (5 in.y corresponds Lo
a drift of approximately 7 percent. Each calumn was imstru-
mented to monitor the applied displacement and correspond-
ing Joads. stains, and  deformanions,  Four lypes of
instruments were used o measure the various quantites,
These included:

a) The calibrated load cell and displacement transducer of
the actuator.

by The electrical inclinometers mounted on the potential
plastic binge region of the column 0 measure rotation.

¢) The displacement transducers installed on the steel rel-
erence frume.

) Electrical-resistance sieain gages bonded to reinforeimg bars.

¢) Photographic records of the column cracking and fail-
ure modes.

The effect of an carthquake on the column specimen was
simulated by reversed cyclic loading. The hydraulic acluator
in the test setup was used to displace the top of the column
to achieve a predetermined load level or displacement. Then,
the loading dircction was reversed to achicve the same load
or displacernent level in the opposite direction, The load and
displacement nput history was broken into two phases. Al
the initial stage, the test was in a load control mode, On
vielding ol the longitudinal reinforcing bars, a displacement
controb mode of loading was utilized; Fig. 6 shows the load-
ing sequence. The letter “u™ in this figure indicates the
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displacement ductility factor defined as the ratio of the ap-
plied displacerment aver the displacerent at first yieldiog of
the kongiudinal remforcing bars. The hysteresis loops of ap-
plied lateral loads versus the cobumn free end displacement
at the point of application of the luoad were continuously plat

ted und updated on the computer during the test.

Ten electrical inclinometers were distibuted at 127 nun (5 i)
spacing over both opposite taces of the column within the
plastic hinge region from the top of the footing up W a height
of 635 mm {25 in.), as shown in Fig. 7. Bata from these
clinometers were used to measure the plastic hinge rotations
at critical sections of the column and 1o plat the moment-cur-
vature relationship ol these sections. Along the height of the
column. four displacement transducers were used to monitor
the column deflection, as shown in Fig. 7.

The sirains in the reinforcing bars at the locations within
the plastic hinge zones of the column were measured by
means of electrical resistance strain pages honded W the steel
hars. Twelve strain gages were bonded to the column bars
and hoops. I addition, for cach retrofit columa, a total of 12
sitain gages were attached o the composile straps W mea-
sure the hoop straing in the straps.

During cach loading cyele. testing was stopped for a few
seconds at several points while all duta were scanned
through o data acquisition system. Readings were automati-
cally controlled and the data were stored on Hoppy disks.

Load-versus-displacement response

Plots of the laeral load-versus-displacement for all five
specimens are shown in Iig. 8 through 12, } should be noted
that these figures have been plotted to the same scale. Be-
cause the columns were symmetricalty reinforced with re-
speet to the positive and negative sides for each specimen,
the resulting positive and negative portions of sach speci-
men's hysteresis loaps should be symmetrical and identical
in values. However, doe to a limitation of the hydraulic actu-
alor, the maximurn strokes teachad in the positive and negative
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directions were slightly different for some of the lest speci-
mens. This difference affected the symmetries of the hyster-
esis loops,

[n Fig. 8 through 12, V, is the lateral force corresponding
tor the theoretical Nexural capacity of the unconfined celumn
section, §, is the yield displacenient that was uscd as a refer-
ence value to determine each subseguent displacernent duc-
tility level that was applied to the specimen during the test,
and p,- is the longitudinal reinforcement ratio of the calumn.
The measured and caleulated maximum strengths for the ret-
rolitand nonretrolit columns are summarized in Table 2. The
caleulated strength was determined using the procedures
outlined in the AC1 Code and laking into consideralion Lhe
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actual sirain-hardening properties of the reinforcing steel.
The percent increase in strength was caleulated with refer-
ence to the measured value for the control specimen.

Fig 8 shows that the hysteresis loops for the nonretrotit
circular column {C-1} with lap splice reinforcement degrade
rapidly after the first cycle to u = 1.5 due o the failure of the
lapped reinforcement. The maximum iateral load of 583 kN
(13.1 kips) was recorded during the push cycle to u = 1.5,
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The laweral responses of circular Columns €-2 and C-3,
strengthened with six plics of FRP compaosite straps, applicd
with the passive and active retrofit schemes, respectively,
show a sipnificant improvement with stable hysteresis loops
up to the displacement ductility level of & = £ 6. as shown in
Fig. ¥ and 14). There was no sign of structural degradation of
retrofit columns associated with the bond failure of lap-
spliced bars. The maximum strength of 81.4 kN (18.3 kips)
was noted for Column C-2. This value was approximarely 40
percent higher than that of Reference Column (C-1). The in-
crease in the maximum lateral load for Column C-3 was
higher than that for Column C-2, pethaps due tir the active
comfinement pressurg.

Lateral load-displacement hysteresis loops for the two cir-
cular codumns with continueus reinforeement are plotted 1a
Fig. Il and 12, Loops for the control specimen (C-4) i Fig. 11
show that the lateral strength did not decay until the dis-
placement ductility level of ¥ = 4. The maximum lateral
load-carrying capacity was 71.6 kN (16.1 kips) at the dis-
placement ductility level of & = 3. However, the specimen
showed rapid deterioration in its strength at = 3 doue to con-
crete failure and longitudinal bar buckling. Fig. 12 shows
hysteresis curves tor Column C-5 with the passive retrotit
scheme, These curves are very similar to those of Columns
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C-2 and C-3. with signihcant improvermnent in strength and
cxcellent encrey absarption and dissipation characteristics.

Curvature-versus-height

Ten electrical inclinometers were mounted along the cen-
ter line of each column on opposite faces (east and wesl), as
shown in Fig. 7. The plastic rotation of specific sections of
the column was then obtained from the readings of gach
inclinometer. An average curvature al the section was cal-
culated from

(8, +9,)

b= —— ()

where 85 and 8y, arc the cast and west-side rotations of the
cross section with respect to adjacent inclinometers, and &,
15 the vertical distance between the adjacent inclinometers.

The vertical distributions of curvature within the plastic
hinge region for the three circular columns with lapped starier
bars are shown in Fig. 13 through 15, At the location ol each
ol the clinometers, CLI through CLS, shown in Fig. 7, the
curvature was calculated and the corresponding points were
comnected by straight lines 10 show an approximate variation
af the curvamure within the plastic hinge region, The redue-
tion in curvature from CT.3 to CT.4 is due w the Tact that the
reinflorcement ratio is douhled within the splice region. re-
sulting in a stitfer cross secrion, By comparing Fig. 13 and 14,
one can see Lhe increase in rotutional capacity of the cross
section resulting from the confinement provided by the com-
posite strap. However, companng Fig. 14 and 15 docs not re-
veal measurable gain by actively confining the column. This
could be partly due to the loss of the active pressure caused
hy seepage. creep. ewe. The results from this test are not con-
clusive and additional tests are required to confirm the bene-
fits of active retrofit. Fig. 16 and 17 show the curvature
distribution within the contined portions of Columns C-4 and
C-5. respectively. The comparison of these bigures confimns
the previous results, indicating the enhancement of ductility
and rotational capacity of retrofit columns.
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Load-versus-strain
Lenrgitudingd reinforcement

The measured meximum strain in longitudinal bars re-
corded at a location immediately above the wop face of the
foating on the extreme tension side of the columns for C-1.
304, and C-8 were 21,40, 35, and 53 = 1077, respectively,
Pue to the failure of the gages in Cotumn C-2, the corre-
sponding value for this column is not presented,

Oenerally. in the nonretrofit columns, the longitudinal re-
inforcements were less strained compared to retrofit col-
umns. Factors contributing to this were the insufficicnt
confinement. bond failure in the lapped starter bars, andfor
buckling of continuous kngitudinal bars in nonretrofit col-
wmns. Confinement by composite straps allowed higher
strainy In longitudinal reinforcements before failure, result-
ing in igher overall ductility and energy absorption capacity
of the retrofit culumns.

Trunsverse reinforcements
Lack ot adequate lateral reinforcement will result in pre-

mature yieiding of hoops and, therelore, loss of confinement
and rapid deterioration of the plastic zone region. Strains in
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Fig. I8—Load-versus-stvain in hoop of Colwnn C-4
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Fig, 1Y Load-versus strain in hoop of Colwmn C-5 at
Guge 88

the column transverse reinforcements were recorded using
special electric resistance strain pages mounted on opposite
sides of the hoop wires. To compare the behavior of (ypical
hoops in the retrofit and nonretrofit columns, the resules of
strain measvrements at the same location for the first hoop
above the footing of Columns C-4 and C-3 are presented
herzin. This hoop was approximately 20 mm {1.2 in.} above
the top face of the footing. Fig. 18 and 19 show the load ver-
sus strain in the hoop for Columns C-4 and C-5, respectively,
Normally, the hoops are in tension under the action of the ap-
plied loads. The slight compression strains shown in Lig. 18
and 19 are due to local effects at the location of the strain
gages. [n Column C-4. at the lateral load of approximately 62 kN
{14 kips). the strain in the hoop reached 15 % 10 *, However,
at the sume tateral load level, the strain in the retrofit Col-
umn C-5 was only 3 x 10'% indicating the effectiveness of
the composite strap in sharing the load and confining and re-
ducing the dilation of the core concrete.

Composite Sprap

Strain gages were placed in the cireumferential direction
on the composite strap 372 mm (225 in ), 318 mm (125 in.).
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Fig. 2{—Deflection versuy strap-strain of Column €-3

#nd immediately above the top face of the footing on the ex-
treme lension and compression sides of (he cross section,
Fig. 20 and 21 show the circumferential (hoop) strain in the
compasite strap measured with the strain gages immediately
above the 1op face of the footing for Columns C-2 and C-3
versus applied lateral displacement. From these figures, it
can be seen that the strains were increasing in magnitude as
the displacement was increasing, even though the lareral
loads were essentially constant afier the displacement ductil-
ity rcached the level of # = 3, which, on the average, for all
these columns, approximately corresponded to a doit of 2.8
percent. The maximum strain reached in Column C-3 (active
retrofit). not including the initial prestressing strain, is less
than that of Column C-2 (passive retrofit), indicating that the
initial pressure reduced the dilation of concrete, Howover, as
was observed from the load-versus-displacement and load-
veTsus-curvature responses, this reduced dilation indicated
by the smaller strain in the composite strap with active retro-
fing did not translate into measurable improvement in the
overall ductility of the column.

Cracking and fuifure mechanisn

Since all of the specimens for this study were designed with
a strong footing detail. most of the cracking damage in the
control specimens was concentrated in the column, especially

Fig. 22 Bond faiture nf Cotumn C-1

within the plastic hinge region. The primary change ol the
behavior in Column C-1 oceurred in the plastic hinge region
at the displacement ductility level of v = 1.5, At this stage of
the test, the cover concrete spalled and the lengitndinal rein-
forcement bars staried to debond in the lap-spliced region, as
shown in Fig. 22, Column C-4 with continnous reinforce-
ment started o il at a displacement ductility level of u = 4.
At this point, the longitudinal reinforcement started to buck-
ie and the lateral load-carrying capacity reduced rapidly until
complete failure of the column, as shown in Fig, 23,

CONCLUSIONS

The following cunclusions are drawn based on the results
of the fests conducted on reduced scale models of concrete
bridge piers:

L. Reinlorced concrete bridge columns, designed hefore
the new seismic design provisions were in place, and with
lap-spliced longitudinal reinforcement in the potential plas-
tic hinge zone, appear to fail at low ductility levels of u=1.2
to 1.5, This is due 10 the debonding ot lapped staner bars, re-
sulting from the lack of transverse reinforcement and insut-
ficient development length of the longitwdinal bars, The
failure modes are brittle because strength deterioration is
very rapid following debonding of longitudinal reinforcement,

2. For circular columnns, the use of cuntinuous reinforce-
menl through the plastic hinge region improves moderately
the lateral-displacement hysieresis loops. The structural deg-
radation is likely to be delayed unnil ductility levels of u = £4
are reached. The column lailure is caused by longitudinal



reinfurcement buckling within the hinge region due to the
lack of lateral continement,

3. Conerete columns externally wrapped with the FRP
composite strapy in the potential plastic hinge region showed
asignificant improvement i both streogth and displacement
ductility. The retrofic colurns developed very stable load-
displacement hysteresis loops up to a displacement ductility
level of & = + &, without evidence of significant struoctural de-
terivration assoviated with the bond faiture of lapped started
bars or longitading] reinforcement buckling.

4. Buth active and passive relrofit schemes provided addi-
Llional conlinement o existing core conerete, and were highly
ctfiective in preventing the columns from bond failure or lon-
gitwdinal bar buckling, and hence. greatly increased the
carthquake resistanee ol the column. The improvements re-
sulting from the active retrofil scheme, us compared with the
passive scheme, do notseem W justily the additional cost as-
sociated with the active retroiit scheme. This conclusion (s,
however, based on a himited number of tests. Additional
studies are neeessary to further investigate the benelits of ac-
tive comfingnient.

ACKNOWLEDGMENTS
The researeh agperted an this paper was sponsored by the National Sci-
enee TFoundation tNSE) theoueh seants MES 22667 and M55 9237344,
I dohn 3, Scaled, Progerum Dhirector, The support of the NSE 1 prsrly ap-
prociared. The ox petimenda] woark was conducted in the stractural labesato-
mies of the Binbversity of Arirom Assistance from (he techinical stall’ of the
thwrtatonies s sratcbully acknow ledged.

REFERENCES
Lo Therkildsen, L, " Overview of Caltrans Bridge Scksmee Research Pro-
gram,” Proceedingy af the 8th CS-Japan Brdge Euginrerine Woekoiop,
Chicagn, 19492, pp. 126-145,
20 New Zealand Natomal Rueds Board . Research Sulledn Noo 1,

Freo 23—Longinadinal bar bockiing in Cofumy -4

Wellinglon. New Zealand, 1983

A Pricseby, MOUN amd Park, R, *Steength and Dustility of Reinforeed
Conerete Bridge Columns vinder Seaniv Leswling.™ ACE Strwcrore! Jonr
Al oA oo | Janc-Fehl TYET. pp. 6106,

4. Chai, ¥ 1 Priestly, 80 N and Seible, F, “Seismic Retrofit of Cur-
cular Bredee Columos tur Enbasced Flesural Performanee.™ ACT St
favad dournad, ¥OBR Mo 3, Sepr-Ocy, 1991 pp. 572 584

58w, A Seiblel Irand Pricstly, ML N “Tiagnostics and Retaabin uf
Recangubare Bridpe Columns o Seismic Loads,” Procevdings of the Sth
FEN Fepen Beidpe neeneering Workshop, Chicago. 1992, pp. 2632290,

6. Pricstly. M. 10N Seible, Foand Fyfe, L Colunn Seismic Betedit
Wuing FiberglussEpoxy Jackels.” Pocesdimes of Advenced Cemposite
Moteriels tn Bradaes aned Stesccneres, Canadian Sucivty B Civtl Eogioeer-
ing, %42 pp. 28T FOR.

T Triestly, MNC Seible, FooXiuo, Yooand Yerma, R, 2Stect Jacket
Retroneting of Reanforced Conerete 13ridee Columns foc Enbanced Shear
Strength Fart 20 7Test Reaults and Comparisun with Theory” ACT Stere
aerdd deceereerd, WOUT, Mol Sepl-Oel, U8 pp. S37-551.

A Chumibers, R L, "Composttes Performuance in the infrasiuctone,”
Procecifings of Maeriwle Sclence Conferonce, ASCE, Alanta, 992,
np. 332-345,

Authorized Reprint from: November/December 1996 issue of ACI Structural Journal




